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Abbreviations 
        
 
AMPA:  alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid  
C aO2 :  cerebral arterial oxygen content 
CBF:   cerebral blood flow 
CBV:  cerebral blood volume 
CFM:  cerebral function monitor 
cGMP:   cyclic guanosine 3',5'-monophosphate 
cHbD:   difference between cO2Hb and cHHb 
cHHb:  concentration of cerebral deoxyhemoglobin 
cO2Hb:  concentration of cerebral oxyhemoglobin 
CSF:   cerebrospinal fluid 
ctHb:   cerebral total hemoglobin  
CvO2  cerebral venous oxygen content 
EAA:  excitatory amino acid 
ECBA:   electrocortical brain activity  
EEG:   electroencephalogram 
FiO2:   fraction of inspired oxygen 
GA:   gestational age 
KA:  kainate 
MABP:  mean arterial blood pressure 
MAP2:  microtubule-associated protein 2 
NIRS:   near-infrared spectroscopy 
NMDA:  N-methyl-D-aspartate  
NO:   nitric oxide 
NOS  nitric oxide synthase  
NOx:   NO2 and NO3 
OD:  outer diameter 
PaCO2:  arterial carbon dioxide tension 
PaO2:  arterial oxygen tension 
Qcar:  carotid artery blood flow 
RMS:   root mean square 
SaO2:  arterial oxygen saturation 
sGC:   soluble guanylate cyclase  
SvO2:  venous oxygen saturation 
TCA:  trichloroacetic acid 
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1 General introduction  
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Preterm birth 
 
Infants that are born before 37 weeks of gestation are defined as preterm. These infants 
usually weigh less than 2500 g. Most of the problems associated with prematurity occur in 
infants born before 32 weeks of gestation and/or with birth weights of 1500 g. or less. 
Globally, the main direct causes of neonatal death are estimated to be preterm birth (28%), 
severe infections (26%), and asphyxia (23%) 118. Preterm birth occurs in approximately 
10% of all deliveries, but accounts for over 85% of all perinatal morbidity and mortality 
154.  
Birth and adjustment to an extrauterine environment cause rapid physiologic 
changes in the neonate. In this transition period the neonate may experience wide 
fluctuations in mean arterial blood pressure (MABP) and blood gases due to e.g. prenatal 
catastrophes, birth complications and resuscitation 177. In preterm newborns, cerebral 
oxygenation and hemodynamics are easily disturbed because of the immaturity of various 
organ systems, e.g. pulmonary and cardiovascular systems. Active brain development 
occurs during the second and third trimester of gestation, with neurogenesis, neuronal 
migration, maturation, apoptosis, and synaptogenesis 258. The neonatal brain is therefore 
especially vulnerable to changes in blood- and nutrient supply after preterm birth 252.  
 
 
Cerebral oxygenation disturbances 
 
Shortly after oxygen was discovered by Priestley in 1774, Lavoisier demonstrated that it 
was essential for life in both plants and animals. Subsequently, the importance of the 
combustion of oxygen as an essential component of metabolic processes was recognized. 
Oxygen is an important substrate carried by the circulation and, compared to its rate of 
utilization, it has the lowest stores 50;63. 
 In the preterm neonate, the arterial oxygen content (CaO2) is determined mainly 
by lung function. One of the first changes that must occur after birth is to transform the 
fluid-filled fetal lung to one containing air. High distending forces are needed in the first 
few breaths to overcome the high surface tension that opposes alveolar expansion with air. 
With successful air inflation, the alveolar surfactant is recruited into the air-liquid 
interface so that the functional residual capacity stabilizes and the work of breathing is 
diminished 20. 
However, the amount of oxygen delivered to the brain is not only determined by 
CaO2; it also depends on the amount of blood that is pumped to the brain. The amount of 
blood pumped to the brain is referred to as the cerebral blood flow (CBF), and is 
determined by the systemic circulation, which depends upon the blood pressure, and the 
cerebrovascular resistance 266.  
Cerebral O2-supply is thus determined by CaO2 and CBF and can be impaired by 
hypoxemia and/or hypotension.  
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Hypoxemia 
 
Some textbooks use the word hypoxemia and hypoxia interchangeably. There is no 
universal agreement on the terms, and the distinction is partly semantic. In this thesis the 
word hypoxemia is defined as a reduction in the CaO2. Hypoxia, on the other hand, is a 
more general term referring to impaired oxygen delivery to the tissues 136.  
Severe perinatal hypoxemia remains an important clinical problem occurring in 
up to 4 per 1000 babies 251. In healthy term newborns, the sympathetic-adrenergic system 
is activated during moderate hypoxemia, redistributing blood flow in favor of the brain, 
heart and adrenals 168. The compensatory increase in CBF, which occurs as a result of 
vasodilatation in order to preserve cerebral O2-supply, and an accelerated compensatory 
anaerobic glycolysis initially protect the brain tissue from hypoxic metabolism 67. 
Furthermore, cerebral O2-consumption may decrease because of hypoxic hypometabolism 
147;186. This response is largely based on inhibition of thermogenesis. Severe hypoxemia, 
however, causes cardiovascular depression with significant systemic hypotension, which 
impairs CBF 221. Low CBF may lead to brain injury 259, eventually resulting in poor 
psychomotor outcome.  
Research into treatment of perinatal hypoxic brain damage involves 
pharmacological and non-pharmacological strategies aimed at restoring cerebral O2-
supply and reducing selective neuronal necrosis (apoptosis) or infarction of cerebral tissue 
5;58. However, restoring O2-supply may cause further damage to the brain as a result of 
reperfusion injury. A substantial part of perinatal hypoxia-ischemia related brain damage 
occurs upon reperfusion and reoxygenation by the excess production of excitatory amino 
acids (EAAs), free (pro)radicals and the release of cytokines, triggering apoptosis 167. 
  
 
Hypotension 
 
Hypotension is diagnosed in a high percentage of preterm infants, particularly in the first 
24 hours after birth, although reference values for MABP in preterm infants are still 
subject of debate 200;255. The minimal required blood pressure to maintain adequate organ 
perfusion still needs to be determined. On the other hand, blood pressure changes 
(reductions) are usually treated vigorously.   
Low MABP may arise from the interplay of ductal shunting, high or low vascular 
resistance, poor myocardial function and interaction with positive pressure ventilation, or 
from blood or fluid loss 262. During hypotension, cerebral autoregulation is the 
phenomenon whereby the brain is assured of a constant supply of blood despite wide 
variations in systemic MABP 88. The fetal brain develops very rapidly during the last 
trimester of pregnancy; these autoregulatory mechanisms are not fully developed yet in 
the preterm neonate.  
Hypotension in preterm neonates has been associated with a poor outcome in 
terms of mortality and morbidity 13;145;204;267. 
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Brain injury at the microscopic level 
 
If the compensatory and autoregulatory mechanisms fail, hypoxemia and hypotension will 
result in a reduced cerebral O2-supply and thus in cerebral energy depletion.  
Neurons are very sensitive to a reduced supply of oxygen and glucose 109;119;166. 
In part, the prominent vulnerability reflects their high metabolic rate. In addition, central 
neurons have a near exclusive dependence on glucose as an energy substrate, and brain 
stores of glucose and glycogen are limited. Furthermore, it appears that the brain's 
intrinsic cell-cell and intracellular signaling mechanisms, normally responsible for 
information processing, become harmful under severe hypoxemic or hypotensive 
conditions, hastening energy failure and enhancing the final pathways underlying cell 
death in all tissues 119.  
Reduced cerebral O2-supply results in a cascade of biochemical events 
commencing with a shift from oxidative to anaerobic metabolism (glycolysis). Anaerobic 
glycolysis cannot keep pace with cellular energy demands, resulting in a depletion of 
high-energy phosphate reserves, including ATP. An accumulation of purine and 
pyrimidine metabolites, which are the degradation products from high-energy phosphate 
compounds such as ATP, will occur 19;76;89;208.  Transcellular ion pumping fails, leading to 
an accumulation of intracellular Na+, Ca2+, Cl-, and water 251. 
Reduced cerebral O2-supply also stimulates the release of EAAs (aspartate and 
glutamate) from axonal terminals. High extracellular concentrations of glutamate 
contribute to the excitotoxic death of neurons 68;252. The excess release of EAAs, in 
particular glutamate, during conditions of energy failure also initiates a massive influx of 
Na+ and Ca2+ into the cell. Within the cytosol, free fatty acids accumulate from increased 
membrane phospholipid turnover and, thereafter, undergo peroxidation by oxygen-free 
radicals that arise from reductive processes within mitochondria and as by-products in the 
synthesis of prostaglandins, xanthine and uric acid 38;251.  
The increased intracellular Ca2+ concentration induces Ca2+ dependent 
intracellular processes 18, such as the formation of nitric oxide (NO) from L-arginine by 
nitric oxide synthase 60;61. NO, a free radical gas, diffuses to adjacent cells that are 
susceptible to NO toxicity 251. 
The combined effects of cellular energy failure, acidosis, glutamate, NO, free 
radical formation, Ca2+ accumulation, and lipid peroxidation disrupt structural 
components of the cell. Integrated antioxidant defence mechanisms are deficient in the 
preterm newborn 38. The immature brain is therefore more susceptible to excitoxicity and 
free radical injury than the mature brain. Ultimately, this cascade leads to brain cell 
dysfunction and cell death 40;93.  
 
 
Brain injury at the macroscopic level 
 
In the preterm newborn, the two main brain lesions underlying the neurological 
disabilities are periventricular-intraventricular hemorrhage and periventricular 
leukomalacia 127.  
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Periventricular-intraventricular hemorrhage is a typical lesion of the preterm 
brain. The inability of preterm newborns to redistribute blood flow in favor of the central 
organs and their lack of cerebral autoregulation may cause significant fluctuations in CBF 
when oxygen is in short supply. Disruption of the thin-walled blood vessels in the 
germinal matrix with subsequent cerebral hemorrhage is often the inevitable result and is 
at times associated with cerebral hemorrhagic infarction 18. The risk of developing 
periventricular-intraventricular hemorrhage is inversely related to gestational age and 
birth weight 124. Large periventricular-intraventricular hemorrhages are an important cause 
of severe cognitive and motor impairments in preterm infants and are associated with a 
high incidence of mortality, which is related to the extent of the lesion 124;236. 
Periventricular leukomalacia occurs in 3-9% of preterm infants 169.  It represents 
a major precursor for cerebral palsy and intellectual impairment later in life. The disorder 
is characterized by multifocal areas of necrosis found deep in the cortical white matter, 
which are often symmetrical and occur adjacent to the lateral ventricles 182;261. The 
pathogenesis of periventricular leukomalacia is strongly related to three major interacting 
factors that result in ischemia of the periventricular region: periventricular vascular 
immaturity, pressure-passive cerebral circulation and the intrinsic vulnerability of early 
differentiating oligodendroglia of the preterm brain 261. 
 
 
Survival and neurological outcome 
 
Although brain injury in preterm neonates may have multiple causes (e.g. hemorrhage, 
infection, metabolic derangement), hypoxic-ischemic disease probably predominates 263. It 
remains one of the most common causes of neurological abnormalities causing long-term 
handicaps and developmental delay later in life. 5;59;63;270.  
In the 1990s, new techniques have been introduced to increase the viability of 
preterm infants. The instillation of surfactant, antenatal steroids, and better ventilation 
strategies have resulted in an increased survival of infants of extremely short gestational 
age or very low birth weight 185. Some studies reported an increase in the incidence of 
severe disabilities in the surviving very preterm infants 55, whereas others have reported 
that the handicap rate has remained the same 73;158;160;215;236. However, with a decreasing 
mortality and therefore a higher survival rate, the absolute number of infants with a 
handicap has increased 55;157.  
Worldwide, there is a difference in opinion about the limit of viability of preterm 
newborns. Perhaps even more important than the limit of viability is intact survival. One 
of the major ethical problems in neonatal intensive care is to decide whether a baby’s 
brain has suffered severe, irreversible, structural damage. Several methods are available 
for neurological evaluation of the newborn, such as clinical examination, imaging 
techniques and biochemical methods. Although some of these are used in predicting 
outcome, few are of value during the first hours of life, a critical time in the management 
of babies with severe hypoxemia and/or hypotension 15. Newborn infants who suffer from 
perinatal brain injury often deal with the dramatic consequences of this misfortune for the 
rest of their lives. The high rates of neonatal morbidity among the surviving very preterm 
or low birth weight infants have been well documented. 
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Studies from the United States report that resuscitation is indicated from 23 or 24 
weeks of gestation, although the chances of intact survival are poor 3;100;173.  McElrath et 
al. 141 found no survivors born at 23 weeks' gestation that were free from substantial 
morbidity. In New Zealand, Cust et al. 37 reported that 11% of infants born before 24 
weeks of gestation survived free of early morbidity. Studies from Japan report 18% 
survival in infants born at 22 to 23 weeks; these survivors, however, had high rates of 
neurologic sequelae 160. In Europe,  high mortality  rates (>70% at 23 and 24 weeks; 35% 
at <27 weeks) were found 48;129;185;215.  
Amongst the survivors of preterm birth, 20 to 60% suffers from 
neurodevelopmental or neuromotor impairment, decreased cognitive ability or problems 
with vision and hearing during early childhood 72;121;272. At school-age (approximately 
seven years), 21% of extremely-low-birth weight (<750 g) children show subnormal 
mental abilities, and 45 % required some special education in school. A substantial 
percentage also had visual disability and subnormal growth 74. Furthermore, recent follow-
up studies have shown that less than 10% of infants born at 25 weeks gestation are 
without disability at the age of six years 135. Academic achievement is poor in more than 
50% of all surviving adolescents born very preterm 44;235, even in those without evidence 
of cerebral damage, assessed with routine imaging techniques. Despite the severe clinical 
and socioeconomic significance, no effective clinical strategies have yet been developed 
to counteract this condition 18;63.  
 
 
Experimental model  
 
Because the most obvious problems due to hypoxemia and/or hypotension occur in infants 
born before 32 weeks of gestation, the majority of studies have focused on this gestational 
age group. In this thesis, we used lambs ranging from 127 to 141 days of gestation, which 
is 86-96% of gravidity. This is comparable to human neonates of 229 to 255 days 
postconceptional age. 
 
Animal model 
A number of animal models have been developed to study the effects of oxygen and 
circulation disturbances. Previously, the most frequently used animals to study chronic 
(i.e. >24 hours survival period) oxygen disturbances have been rodents, non-human 
primates, fetal sheep, newborn lambs and piglets 187.  
Even today there is no consensus as to which animal model best describes human 
perinatal brain injury after hypoxemia and/or hypotension. To be clinically relevant, the 
model should involve exposure of the whole body to hypoxemia or hypotension, as is seen 
in the human newborn clinical situation. Although the fetal sheep, the newborn lamb and 
the piglet are comparable in size to human newborn infants, it has not been well 
established whether their brains can be compared to human newborn brains 187. However, 
the near-term lamb model was chosen because in the fetal lamb brain development in the 
last trimester of pregnancy is rather similar to that in the human fetus 181. Furthermore, the 
lamb model is applicable in fetal as well as neonatal studies and there is extensive 
experience with cerebral hemodynamic studies in this animal model 181;187. This model is 
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suitable for acute and subacute studies and the size of a near-term lamb is adequate to test 
and monitor multiple organ systems 187.  
Most studies that describe brain function of premature infants are based on birth 
weight and thus confound the effects of preterm birth with those of intrauterine growth 
restriction 135. However, physicians and parents contemplating the prognosis of preterm 
infants require reliable information based on gestational age with which to plan care 
around the time of birth and thereafter.  
 
Brain cell function 
Energy failure in the brain leads to a blockade of neuronal synaptic function and reduced 
electrical firing of neurons. Electroencephalogram (EEG) features therefore provide 
information about the functional cerebral integrity of sick children 151.  A disadvantage of 
EEG is that it requires the presence of an expert interpreting the large data volumes. In an 
effort to solve this problem, various methods of compressing the EEG signal have been 
developed, the Cerebral Function Monitor (CFM), being one of them. It has been reported 
that CFM correlates well with conventional multichannel EEG evaluation of cortical 
neuronal activity of neonates, except for the recognition of very short seizure activity 
patterns 2;66;86;104;209;217.  Integrated EEG signals similar to CFM activity have been found 
to correlate with the number of firing neurons 271. Non-invasive recording of 
electrocortical brain activity (ECBA) by means of EEG and CFM-like signals in the 
newborn period can be used as a measure for brain cell function 104. Moreover, abnormal 
tracings are related to neonatal death and in the survivors to neurodevelopmental outcome 
2;34;53;211;216. 
 
 
Aim and outline of this thesis 
 
Although hypoxemia and hypotension often manifest together, they actually consist of 
two different physiological mechanisms. A greater understanding of these mechanisms 
should provide opportunities to intervene therapeutically in near-term newborns at risk for 
brain injury. The aim of this study was to determine the critical threshold levels of 
cerebral O2-supply during hypoxemic and hypotensive conditions in near-term born lambs 
and to determine the relationship between brain metabolism and brain cell function.  
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Fig. 1 Global overview of the effect of hypoxemia and hypotension on electrocortical 
brain activity (ECBA). 
 
 
In general, this thesis is constructed according to the scheme provided in Fig. 1.  
After a short introduction in Chapter 1, this thesis is divided in three parts:  
 
Part I: Hypoxemia 
Hypoxemia was induced by reducing CaO2 and brain cell function was assessed by 
measuring ECBA. Part I consists of 4 chapters.  
Chapter 2 describes the critical threshold levels of cerebral O2-supply for maintenance of 
ECBA during prolonged hypoxemia.  
Chapter 3 describes the critical threshold of cerebral oxygenation, as determined with 
near-infrared spectroscopy, for maintenance of ECBA during prolonged hypoxemia. 
Chapter 4 describes the relationship between purine and pyrimidine metabolites, as 
breakdown products of energy-rich phosphates, and ECBA after prolonged hypoxemia.  
Chapter 5 describes the relationship between the excitatory amino acid release and 
ECBA after prolonged hypoxemia. 
 
Part II: Hypotension 
Hypotension was induced by reducing MABP and brain cell function was assessed by 
measuring ECBA. Part II consists of 5 chapters.  
Chapter 6 describes the cerebral O2-supply thresholds for the maintenance of ECBA 
during hemorrhagic hypotension. 
Chapter 7 describes the relationship between the cerebral oxygenation, as measured with 
near-infrared spectroscopy, and respectively MABP and cerebral O2-supply during 
hemorrhagic hypotension. 
Chapter 8 describes the relationship between purine and pyrimidine metabolites and 
ECBA after hemorrhagic hypotension.  
hypotension 
hypoxemia 
FiO2 
PaO2 SaO2 
CaO2 
Hb lungs 
CBF 
MABP 
compensation 
autoregulation 
circulation 
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Chapter 9 describes the relationship between the excitatory amino acid release, measured 
with microdialysis, and ECBA during hemorrhagic hypotension.  
Chapter 10 describes the relationship between ECBA and a histological measure of brain 
cell damage (MAP2 staining) after hemorrhagic hypotension. 
 
Part III: Hypoxemia and Hypotension 
Chapter 11 provides a comparison between hypoxemia and hypotension in the near-term 
lamb, with respect to the thresholds of cerebral O2-supply for preservation of brain cell 
function 
 
A summary, a general discussion and some suggestions for future research are provided in 
Chapter 12.  
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Abstract 
 
Background: Adequate cerebral perfusion is necessary to preserve cerebral O2-supply in 
order to maintain brain cell function. 
Aim: To assess the influence of gestational age (GA) on the response of cerebral 
hemodynamics to hypoxemia and to determine thresholds of cerebral O2-supply for 
preservation of brain cell function in preterm born lambs.  
Methods: Lambs were delivered by hysterotomy at 141 (n=5), 134 (n=5) or 127 (n=7) 
days of gestation. Decreases in arterial oxygen content (CaO2) were induced by stepwise 
reduction of FiO2. Mean arterial blood pressure (MABP), carotid artery blood flow (Qcar), 
and electrocortical brain activity as measure of brain cell function, were continuously 
recorded. Cerebral arterial blood gases were analyzed at the end of each hypoxemic level 
to calculate CaO2 and cerebral O2-supply. 
Results: In contrast to 141 d lambs, MABP could not be maintained in 134 d and 127 d 
lambs at levels of severe hypoxemia. Increases in Qcar were observed at levels of 
moderate hypoxemia in all GA-groups. Albeit Qcar increased further at levels of severe 
hypoxemia in the 141 d lambs, Qcar declined under these conditions in the 134 d and 127 
d lambs. The threshold of cerebral O2-supply for the preservation of brain cell function 
was however similar in all GA-groups (1.7 mL/min). 
Conclusion: The ability to maintain cerebral function during hypoxemia depends upon the 
ability to preserve cerebral O2-supply by means of cerebral hemodynamic compensatory 
mechanisms, which are not fully matured until 96% of gestation. 
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Introduction 
 
The fetal brain develops very rapidly during the last trimester of gestation. The neonatal 
brain is therefore very vulnerable to changes in blood- and nutrient supply after preterm 
birth. Preterm birth occurs in approximately 10% of all deliveries, but accounts for over 
85% of all perinatal morbidity and mortality 154. The grade of immaturity of the various 
organ systems (e.g. lung, brain) does not only determine mortality but affects long-term 
morbidity as well 253;265. Although survival rates of very preterm infants have increased 
over the past decade, the incidence of long-term morbidity has not changed 73. Recent 
follow-up studies have shown that academic achievement is poor in more than 50% of all 
surviving adolescents born very preterm 44;234, even in those without evidence of cerebral 
damage. These results suggest that more damage to the brain occurs after preterm birth 
than can be detected with routine imaging techniques and early neurodevelopmental 
assessments. 
Brain cells need a sufficient amount of oxygen for function, growth and 
development. Cerebral O2-supply depends on both cerebral arterial oxygen content (CaO2) 
and cerebral blood flow (CBF). Cerebral hypoxia is defined as an insufficient O2-supply 
to the brain, resulting from either hypoxemia (decreased CaO2) or low perfusion. 
In human as well as in animal studies, the effect of blood gas- and blood pressure 
disturbances on the cerebral circulation has been studied extensively 
7;8;16;30;62;85;115;116;128;156;159;163;227;228;240. The brain is considered to be protected from injury 
during hypoxemia by an increase in CBF, unless cerebral ischemia occurs from 
supervened systemic hypotension. However, perfusion changes do not provide 
information on the changes in brain cell function. Moreover, a threshold below which 
electrical dysfunction occurs has not yet been defined. 
We hypothesized that the preservation of cerebral O2-supply and the preservation 
of electrical brain cell function during hypoxemia depends upon cerebral maturation. 
Therefore, we studied the influence of gestational age (GA) on the response of cerebral 
hemodynamics and electrocortical brain activity (ECBA) to hypoxemia in preterm born 
lambs. 
 
 
Methods 
 
Animal preparation and instrumentation 
Pregnant ewes of Dutch Texel breed were operated on at 141 (n=5), 134 (n=5) or 127 
(n=7) days of gestation (term 147 days) under general anesthesia with 3% isoflurane. 
After a polyvinyl catheter was inserted into the ewe’s jugular vein, anesthesia was 
continued with infusion of 600 mg/h ketamine hydrochloride and 15 mg/h midazolam. 
The pregnant horn of the uterus was exposed through a midline incision in the ewe’s 
abdomen, and a uterus incision was made over the fetal head. 
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not clamped yet. A polyvinyl catheter (outer diameter 
(OD): 2.1 mm) was placed in the right brachial vein for administration of ketamine 
hydrochloride (10 mg/kg⋅h), glucose 5% (2 mL/kg⋅h) and antibiotics (amoxicillin and 
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gentamicin). Furthermore, the right brachial artery was cannulated (polyvinyl catheter, 
OD: 2.1 mm, with its catheter tip in the arcus aortae) for measurement of the mean arterial 
blood pressure (MABP) and arterial blood gas sampling. 
After exposing the left external carotid artery, we applied an appropriately sized 
perivascular transit-time ultrasonic blood flow transducer (2SL, S or B, Transonic System 
Inc., New York, USA) to fit around the vessel in order to assess changes in carotid artery 
blood flow (Qcar). 
Two disposable subdermal needle electrodes for electroencephalogram (EEG) 
recordings (Oxford Instruments B.V., Gorinchem, the Netherlands) were positioned on the 
parietal regions of the skull, and one electrode on the occipital region as a reference. 
After intubation, we started ventilation using a continuous flow pressure 
controlled ventilator (Babylog 1 HF, Dräger, Lübeck, Germany). 
 
Experimental procedure 
When the lamb was in an optimal ventilatory (PaO2: 10-14 kPa, PaCO2: 4.5-6.0 kPa, pH: 
7.3-7.4) condition, we clamped the umbilical cord to obtain an extrauterine condition. 
Surfactant (Survanta, Ross Laboratories, Columbus, OH, USA) was administered if 
necessary to maintain optimal ventilation and oxygenation with a FiO2 of 0.30. After a 
stabilization period of three hours, baseline measurements were obtained. Thereafter 
hypoxemia was induced by lowering the CaO2 by means of stepwise reduction of the 
inspired oxygen concentration by mixing air with increasing amounts of nitrogen. Each 
hypoxemic level was maintained for 15 minutes. At the end of each hypoxemic level, 
cerebral arterial blood gases were determined. The hypoxemic levels were separated by 
recovery periods to return to baseline ventilatory conditions. 
 
Physiologic measurements 
Blood gases were analyzed with a multiwavelength blood gas analyzer (ABL 510, 
Radiometer Medical A/S, Copenhagen, Denmark). Oxygen saturation values were 
corrected for interspecies differences according to Nijland et al. 153. Arterial blood 
pressure was measured with disposable transducers (Edwards Life Sciences BV, Los 
Angeles, USA). Changes in Qcar were used to assess changes in CBF. 
Cerebral O2-supply was calculated as follows: 
O2-supply (mL O2/min)= Qcar x CaO2, 
with arterial oxygen content: CaO2 (mL O2/mL)= SaO2 x Hb (g/dL)x 1.36 (mL O2/g 
Hb)/100. 
ECBA, as a measure of brain cell function, was measured by calculating the 
RMS-value of a band filtered (2-16 Hz) one channel EEG. The physiologic measurements 
(MABP, Qcar and ECBA) were continuously recorded with a computer system and stored 
for further analysis (MIDAC, Biomedical Engineering Department, University Medical 
Center Nijmegen, Nijmegen, the Netherlands). 
 
Statistical analysis 
Mean values were calculated for each variable every 10 seconds during the last three 
minutes of each hypoxemic level. These were used as independent data points for further 
calculations. The mean of left and right hemispheric ECBA was used for further analysis. 
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Differences in MABP, Qcar, and ECBA between the GA-groups were assessed 
with one-way analysis of variance. Differences in threshold of CaO2 and cerebral O2-
supply between the GA-groups were assessed with respectively t-test and analysis of 
variance. Post hoc tests were performed according to Scheffe. 
The "best" prediction of a continuous dependent variable for any value of a 
continuous independent variable will be a line that minimizes the distance between the 
data and the fitted line. The standard method to approach the "best" prediction is called 
least squares regression. When this method is used to fit a regression line, the sum of the 
squares of the vertical distances (residuals) of the observations from the line is minimized. 
Each distance is the difference for an individual between the observed value and the value 
given by the line, known as the fitted value 4. Therefore, the thresholds of CaO2 for 
preservation of MABP and Qcar, and the thresholds of cerebral O2-supply for the 
maintenance of ECBA were determined by repetitively fitting a linear regression model 
through the data above and below a testpoint. The breakpoint was defined as the testpoint 
where the total residual sum of squares from the two fits was minimal. 
Linear regression analysis shows to what extent the variability in the dependent 
variable can be attributed to different values of the independent variable (represented by 
R2) 4. We used univariate linear regression analysis with ECBA as the dependent variable 
and MABP, Qcar, and CaO2 as the independent variables to determine which physiologic 
variables were associated with changes in ECBA. 
Statistical analyses were performed with the SPSS statistical package (SPSS Inc., 
Chicago, IL, USA). 
The study was approved by the Institutional Animal Care and Use Committee of 
the University of Nijmegen before implementation. 
 
 
Results 
 
All lambs were in an optimal ventilatory condition at the beginning of the experiments. 
Mean ± SEM weights of the lambs were 4.6 ± 0.1, 3.8 ± 0.0 and 3.0 ± 0.0 kg in 
respectively 141 d, 134 d  and 127 d lambs. Mean ± SEM values of the physiologic 
variables during baseline conditions are presented in Table 1. 
 
Table 1. Mean ± SEM physiologic variables during baseline conditions in 141 d, 134 d 
and 127 d lambs. 
 141 d 134 d 127 d 
MABP (mmHg) 59.0 ± 1.2† 59.2 ± 0.8** 54.1 ± 1.0 
Qcar (mL/min) 41.9 ± 1.9† 39.2 ± 1.5 36.2 ± 1.3 
CaO2 (mL/dL) 11.8 ± 0.6 12.5 ± 0.5** 10.3 ± 0.5 
Cerebral O2-supply (mL/min) 4.0 ± 0.2† 4.3 ± 0.1** 3.2 ± 0.1 
ECBA (µV) 17.4 ± 0.2*† 11.2 ± 0.3** 7.5 ± 0.3 
*p<0.05; 141 vs. 134 d, †p<0.05; 141 vs. 127 d **p<0.05; 134 vs. 127 d 
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In the 141 d lambs, MABP remained stable during all levels of hypoxemia (Fig. 
1). In the 134 d and 127 d lambs, MABP could not be maintained when CaO2 was reduced 
to levels <2.1 ± 0.4 mL O2/dL and <2.3 ± 0.4 mL O2/dL respectively. The thresholds were 
not significantly different. 
With reduction of CaO2, Qcar increased in all GA-groups (Fig. 2). However, 
Qcar declined at CaO2-levels <2.0 ± 0.4 mL O2/dL and <2.0 ± 0.3 mL O2/dL in 
respectively the 134 and 127 d lambs, whereas 141 d lambs were able to further increase 
Qcar at even lower CaO2-levels. 
The relationship between cerebral O2-supply and ECBA in the 141 d, 134 d and 
127 d lambs is presented in Fig. 3. Mean ± SEM threshold of cerebral O2-supply below 
which ECBA deteriorated in the individual lambs was not statistically different between 
the three GA-groups: 1.8 ± 0.2, 1.7 ± 0.2, and 1.6 ± 0.1 mL O2/min in respectively 141 d, 
134 d, and 127 d lambs. The overall threshold level in these preterm lambs was 1.7 ± 0.0 
mL/min. 
In order to determine the extent to which a variable contributed to the changes in 
ECBA, univariate linear regression analysis was performed with ECBA as dependent 
variable and MABP, Qcar and CaO2 as independent factors. It appeared that ECBA was 
determined by primarily CaO2 in all GA-groups (Table 2). However, in the 141 d lambs 
Qcar played also a role in the preservation of ECBA, whereas it did not in the 134 d and 
127 d lambs. In contrast, MABP played an important role in the preservation of ECBA in 
the 127 d lambs (R2: 0.47). 
0 5 10 15 20 25
CaO2 (mL O2/dL)
0
30
60
90
120
M
AB
P 
(m
m
 H
g)
0 5 10 15 20 25
CaO2 (mL O2/dL)
0
30
60
90
120
M
AB
P 
(m
m
 H
g)
0 5 10 15 20 25
CaO2 (mL O2/dL)
0
30
60
90
120
M
AB
P 
(m
m
 H
g) Fig. 1. The relationship between 
arterial oxygen content (CaO2) and 
mean arterial blood pressure 
(MABP) in 141 d (upper, left), 134 d 
(upper, right) and 127 d (lower, left) 
lambs. 
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Table 2. R2-values (p<0.001) resulting from linear regression analysis in which the 
outcome variable was electrocortical brain activity and independent variables were 
respectively arterial oxygen content (CaO2), mean arterial blood pressure (MABP), and 
carotid artery blood flow (Qcar). 
Independent variable 
     Age 
CaO2 MABP Qcar 
141                      R2 0.44 0.39 0.24 
134                      R2 0.65 0.15 0.03 
127                      R2 0.43 0.47 0.04 
 
 
Discussion 
 
We used the preterm newborn lamb to study the effects of hypoxemia on electrical brain 
cell function. We are the first to describe this relation in an extrauterine condition in 
preterm lambs. This animal model was chosen because brain development in the last 
trimester of pregnancy is rather similar in the ovine and the human fetus. Furthermore, 
there is extensive experience with cerebral hemodynamic studies in this animal model 181. 
 ECBA was used as a measure of brain cell function. Baseline values differed 
significantly between the GA-groups. This is probably due to the differences in cortical  
 
Fig. 2. The relationship between 
arterial oxygen content (CaO2) and 
carotid artery blood flow (Qcar) in 
141 d (upper, left), 134 d (upper, 
right) and 127 d (lower, left) lambs. 
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thickness and number of synapses between lambs of different GA’s. The threshold of 
cerebral O2-supply below which ECBA deteriorated was similar in all GA-groups. 
However, the ability to maintain cerebral O2-supply above the threshold level does not 
mature until the end of gestation. In order to compensate for large reductions in CaO2, 
only the 141 d lambs showed an increase in CBF. 
In humans, a large(r) proportion of CBF is derived from the vertebral arteries, 
whereas in the sheep, flow is provided largely by the carotid arteries. The design of the 
study did not allow the use of microspheres in order to determine CBF. However, Qcar 
measured with a flow probe applied on the carotid artery provides an accurate prediction 
of CBF, as determined with radioactive microspheres, even under hypoxemic conditions 
65;142. 
Substantial GA-related differences in the response of MABP and CBF to 
hypoxemia were observed. As long as the myocardium is able to sustain cardiac output, 
blood pressure will remain relatively stable 21, which we observed in the 141 d lambs. In 
the 134 d and 127 d lambs, blood pressure fell after the induction of severe hypoxemia, 
probably due to failure of the myocardium. In the 127 d lambs, the reduction in MABP 
appeared to play an important role in the deterioration of ECBA. In this GA-group, brain 
function seems to be dependent upon passive regulation by blood pressure. 
The compensatory ability during hypoxemia to preserve cerebral O2-supply in 
order to meet the cellular needs for adequate brain cell function increases during the third 
Fig. 3. The relationship between 
cerebral O2-supply and electro-
cortical brain activity (ECBA) in 141 
d (upper, left), 134 d (upper, right) 
and 127 d (lower, left) lambs. 
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trimester of gestation. The lack of reactivity of the cerebral arterial vascular system to 
hypoxemia in the 127 d and the 134 d lambs, in contrast to the observations in the 141 d 
lambs, reflects the maturational process in compensatory hemodynamic properties in the 
last trimester of gestation. Szymonowicz et al. 202 observed that local cerebral perfusion in 
near-term fetal lambs is not primarily determined by CaO2. They found that regional CBF 
sensitivity to oxygenation increases with increasing maturity, except in the white matter, 
where regional CBF in the near-term fetus, is blood pressure dependent. Gunn et al. 71 
showed in fetal sheep that neuronal damage due to asphyxia was strongly associated with 
the percentage of decrease in blood pressure during the insult but not with the degree of 
hypoxia. 
The EEG signal is indicative for neuronal damage, and is correlated to later 
outcome 34. Richardson et al. studied the effect of chronic hypoxemia on ECBA 184 and 
cerebral oxidative metabolism 183 in fetal sheep (127-135 d). Low voltage ECBA was 
marginally decreased with the onset of fetal hypoxemia alone; moreover a significant 
decrease in ECBA was not apparent until the onset of fetal acidemia (at a SaO2 <30%). At 
this level, cerebral oxidative metabolism was reduced. In our study, hypoxemia alone 
caused a fall in ECBA. However, in contrast to our experiments, Richardson performed 
chronic experiments in an intrauterine condition in which adaptation might have played a 
role. The design of their study (arterial O2-saturation as the independent variable, no 
recovery periods) did not allow comparison between our observations and their results. 
Much controversy still exists regarding the anesthetic effect of ketamine on CBF 
and metabolic rate of oxygen and EEG. However, the usage of an anesthetic agent is a 
prerequisite from an ethical point of view and moreover it prevents stress-induced 
activation of the brain 31. The use of low-dose ketamine (2 mg/kg) in lambs 29 and pigs 1 
did not have any cardiovascular or cerebrovascular effects. Low-dose ketamine (2 mg/kg) 
has been shown to transiently increase ECBA. This effect on the EEG signal has been 
shown to last up to 10 minutes after infusion 1. 
A confounder in this study may have been the time-factor. Because of the 
succession of oxygenation levels in time, there might have been an additive effect of time 
on the effect of hypoxemia on the outcome measures. However, this effect is probably 
largely avoided because we separated hypoxemic periods by recovery periods. 
In conclusion, the overall threshold value of cerebral O2-supply below which 
electrocortical brain dysfunction occurs is 1.7 mL/min in preterm lambs of 127-141 days 
of gestation. However, the ability to maintain an adequate cerebral O2-supply during 
hypoxemia by means of hemodynamic compensatory mechanisms is not completed until 
96% of maturation. This implies that the brain of preterm newborns is very vulnerable to 
episodes of hypoxemia. 
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Abstract 
 
Background: Sufficient O2-supply to the brain is necessary for adequate cerebral energy 
metabolism, function and growth. 
Aim: To elucidate the relation between changes in cerebral arterial O2-content (CaO2) and 
cerebral O2-supply and changes in the oxygenation state of cerebral hemoglobin and to 
determine whether concentration changes in oxyhemoglobin (∆cO2Hb), deoxyhemoglobin 
(∆cHHb), and cerebral arterial oxygenation ∆cHbD (the difference between ∆cO2Hb and 
∆cHHb), and cerebral blood volume (∆CBV) can be used to determine when brain cell 
function decreases during hypoxemia in lambs born near-term. 
Methods: 17 Near-term lambs were delivered at a mean gestational age of 133 days. 
Decreases in CaO2 were induced by a stepwise reduction in inspired oxygen 
concentration. Mean values of all continuous variables were calculated over the last 180 
sec. of each hypoxemic level. Cerebral arterial blood gases were analyzed at the end of 
each level to calculate CaO2 and cerebral O2-supply.  
Results: Changes in CaO2 and cerebral O2-supply were positively linearly related with 
∆cO2Hb and ∆cHbD, and negatively with ∆cHHb and the concentration changes in total 
hemoglobin. Electrocortical brain activity remained stable until the cO2Hb and cHbD 
decreased >3.0±0.9 and >8.1±1.9 (mean ± SD) µmol/100 g, respectively, and cHHb and 
CBV increased >4.3±1.7 and 1.37±0.48 mL/100 g, respectively, as compared to baseline.  
Conclusion: Changes in CaO2 and cerebral O2-supply are adequately reflected by changes 
in the oxygenation state of cerebral hemoglobin. Concentration changes in ∆cO2Hb, 
∆cHHb, ∆cHbD and CBV can be used to assess when brain cell function decreases during 
hypoxemia lambs born near-term. 
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Introduction 
 
Sufficient O2-supply to the brain is necessary for adequate cerebral energy metabolism, 
function and growth. Disturbances in cerebral O2-supply occur frequently in distressed 
preterm infants. Cerebral O2-supply becomes insufficient during cerebral hypoxemia 
and/or ischemia. Therefore, these disturbances lead to brain injury through mechanisms 
that finally include cellular energy failure. Early detection of cerebral hypoxemia and/or 
ischemia may offer intervention strategies to prevent brain injury 12;180;249. Recent interest 
in neonatal cerebral monitoring has focused on non-invasive techniques to detect the 
presence of cerebral hypoxemia and/or ischemia 26;95;110;131;232.  
Near-infrared spectrophotometry (NIRS) provides a continuous non-invasive 
method to measure oxygenation changes in hemoglobin in tissue. The light source emits 
light in the near-infrared range (700-900 nm), which illuminates the tissue. Unlike visible 
light, near-infrared light penetrates most human tissues including the brain, with relative 
ease. Within the brain, near-infrared light is absorbed by chromophores, such as 
hemoglobin. Light absorption by hemoglobin depends on its oxygenation state. Therefore, 
the technique enables assessment of changes in the concentration of cerebral 
oxyhemoglobin (cO2Hb) and deoxyhemoglobin (cHHb) 96. Since hemoglobin is the carrier 
of oxygen, changes in cO2Hb (∆cO2Hb) and cHHb (∆cHHb), as measured by NIRS, 
should reflect changes in cerebral O2-supply. To what extent ∆cO2Hb, ∆cHHb, ∆cHbD 
(difference between ∆cO2Hb and ∆cHHb as a measure of cerebral arterial oxygenation 220) 
and changes in cerebral total hemoglobin (∆ctHb) indeed reflect changes in cerebral 
arterial O2-content (CaO2) and cerebral O2-supply has not been elucidated. Moreover, the 
value of monitoring ∆cO2Hb, ∆cHHb, ∆cHbD, and changes in cerebral blood volume 
(∆CBV) during hypoxemia in order to detect deteriorations in brain cell function in 
newborns is not known. 
 The aim of this study was twofold: (1) to elucidate the relation between changes 
in respectively CaO2 and cerebral O2-supply and changes in the oxygenation state of 
cerebral hemoglobin, and (2) to determine whether concentration changes in ∆cO2Hb, 
∆cHHb, ∆cHbD, and ∆CBV can be used to determine when brain cell function decreases 
during hypoxemia in lambs born near-term.  
 
 
Methods 
 
Seventeen near-term lambs were delivered by hysterotomy at about 133 (range: 127-141) 
days of gestation (term: 147 days).  
Ewes of the Dutch Texel breed were kept under general anesthesia with 3% 
isoflurane until a polyvinyl catheter had been inserted into the ewe’s jugular vein. 
Thereafter, anesthesia was continued with infusion of 600 mg/h ketamine hydrochloride 
and 15 mg/h midazolam. The pregnant horn of the uterus was exposed through a midline 
incision in the ewe’s abdomen, and a uterus incision was made over the fetal head.  
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not yet tightened. A polyvinyl catheter (outer diameter 
(OD) 2.1 mm) was placed in the right brachial vein for administration of ketamine 
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hydrochloride (10 mg/kg⋅h), glucose 5% (2 mL/kg⋅h) and antibiotics (amoxicillin and 
gentamicin). Furthermore, the right brachial artery was cannulated (polyvinyl catheter, 
OD 2.1 mm, with its catheter tip in the arcus aortae) for measurement of the mean arterial 
blood pressure (MABP) and arterial blood gas sampling. MABP was measured with 
disposable transducers (Edwards Life Sciences BV, Los Angeles, CA, USA). Blood gases 
were analyzed using a multiwavelength blood gas analyzer (ABL 510, Radiometer 
Medical A/S, Copenhagen Denmark), corrected to 37 °C. Arterial O2-saturation (SaO2) 
values were corrected for interspecies differences according to Nijland et al. 153. 
After exposing the left carotid artery, an appropriately sized perivascular transit-
time ultrasonic blood flow transducer (2SL, S or B, Transonic Systems Inc., New York, 
N.Y., USA) was applied around the vessel in order to assess changes in carotid artery 
blood flow (Qcar). Changes in Qcar (mL/min) were used to assess changes in cerebral 
blood flow (CBF). A close linear relationship between Qcar and CBF, determined with 
radioactive microspheres, was reported by Van Bel et al. 230.  
Cerebral O2-supply was calculated as: O2-supply (mL O2/min) = Qcar x CaO2, 
with arterial oxygen content: CaO2 (mL O2/mL) = SaO2 x Hb (g/dL) x 1.36 (mL O2/g 
Hb)/100. 
The NIRS-equipment (Oxymon) used was produced by the Biomedical 
Engineering Department of the University Medical Center Nijmegen 242. Laser diodes 
produced light at 3 wavelengths (905, 845, and 770 nm), which was transmitted through 
the skull at the left parietal region by a 3 branch fiberoptic bundle. The receiving bundle 
was placed in the opposite region to the skull. After absorption by the chromophores in 
the brain, the transmitted light was guided through the receiving bundle and the intensity 
of the transmitted light was detected by a gated photodiode. A differential path-length 
factor of 4.55 was used for calculations 134. Absorption at the 3 wavelengths was 
continuously sampled at a rate of 10 Hz. ∆cO2Hb, ∆cHHb, and ∆cHbD, and changes in 
cerebral total hemoglobin (∆ctHb, defined as the sum of ∆cO2Hb and ∆cHHb) were 
calculated from changes in absorption of near-infrared light at these 3 wavelengths using 
the Keele (modified Rolfe) conversion matrix 213 based on known absorption coefficients 
of the chromophores  and a modification of the Lambert Beer law 269. CBV (expressed in 
mL/100 g) can be calculated as: CBV = (4⋅ctHb)/(0.69⋅cHb), where cHb is the arterial 
hemoglobin concentration in millimoles per liter, 0.69 is the cerebral hematocrit ratio 112, 
and 4 is a correction factor, since ctHb is calculated from changes in light absorption 
using an extinction coefficient based on the tetraheme molecule, while cHb measurement 
is based on the monoheme molecule. ∆CBVs were calculated from the equation 123: 
∆CBV = (∆ctHb – 0.17 ⋅ ∆cHb ⋅ CBV) / 0.17 ⋅ (cHb + ∆cHb), where cHb and CBV are 
initial values. CBV is estimated to be 4 mL/100 g during baseline conditions in sick 
newborns 198;273;274. Therefore, we used an initial CBV of 4 mL/100 g to calculate ∆CBV. 
Absolute CBV values could not be calculated, because absolute values of ctHb could not 
be determined with the NIRS-equipment used 242. 
Two disposable subdermal needle electrodes for electroencephalogram (EEG) 
recordings (Oxford Instruments BV, Gorinchem, the Netherlands) were positioned on the 
parietal regions of the skull, and one electrode on the occipital region as a reference. Thus, 
a Cerebral Function Monitor (CFM) recording was registered. A conventional CFM 
provides a semi-logarithmic amplitude distribution plot of a single channel EEG through 
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amplification, bandpass filtering (2-16 Hz), compression, rectification and smoothing. The 
signal is then plotted at slow speed and is very well suited for visual evaluation 87. 
Although many authors have tried to express electrical activity derived from the CFM 
signal on a numerical scale, calculating means from a semi-logarithmical scale is, to our 
opinion, not a logical step in signal analysis. Therefore, from a signal analytical point of 
view, we have used a slightly different approach. We also used a 2-16 Hz band filtered 
one-channel EEG. But, we calculated the (3 min.) mean of the squared signal (mean 
power). The result is presented as the root from this signal. Electrocortical brain activity 
(ECBA) is thus calculated as the Root Mean Square value of a band filtered (2-16 Hz) 
one-channel EEG 243;245 and is comparable with a voltage scale.  
The variables MABP, Qcar, ECBA, ∆cO2Hb, and ∆cHHb were continuously 
recorded with a computer system and stored for further analysis (MIDAC, Biomedical 
Engineering Department, University Medical Center Nijmegen, Nijmegen, the 
Netherlands).  
Experimental procedure: After instrumentation (including EEG and NIRS), the 
lamb was orally intubated and ventilation was started using a continuous flow, pressure 
controlled ventilator (Babylog 1 HF, Dräger, Lübeck, Germany). Thereafter, when the 
lamb was in an optimal ventilatory (PaO2: 10-14 kPa, PaCO2: 4.5-6.0 kPa, pH: 7.3-7.4) 
and circulatory (MABP: 50-65 mm Hg) condition, the umbilical cord was clamped to 
mimic an extrauterine condition. Surfactant (Survanta, Ross Laboratories, Columbus, 
OH, USA) was administered if necessary to achieve an adequate ventilation and 
oxygenation with a FiO2 of 0.30. After a stabilization period of 3 hours, baseline 
measurements were obtained. Thereafter, hypoxemia was induced by lowering the CaO2 
by means of a stepwise reduction of the inspired oxygen concentration (FiO2 0.30; 0.21; 
0.12; 0.08 and 0.04) by mixing the inspired air with increasing amounts of nitrogen. Each 
hypoxemic level was maintained for 15 min. At the end of each hypoxemic level, cerebral 
arterial blood gases were determined. The hypoxemic states were separated by recovery 
periods to return to an optimal ventilatory and circulatory condition. 
 Statistical analysis: Over the last 3 min. of each hypoxemic level, mean values 
were calculated for each variable. The mean of the left and right hemispheric ECBA was 
used for further analysis. The values of the variables CaO2, PaCO2, pH, base deficit, 
MABP, Qcar, cerebral O2-supply, ∆CBV, and ECBA at the different levels of hypoxemia 
(reduced CaO2 levels) were compared to baseline conditions with Mann-Whitney U tests. 
The variables (including relative NIRS variables) were expressed as the difference from 
baseline values in the individual lambs.  
Linear regression analysis shows to what extent the variability in the dependent 
variable can be attributed to different values of the independent variable (represented by 
R2) 4. Univariate linear regression analysis was used to test the relationship between 
∆CaO2 and ∆cerebral O2-supply and ∆cO2Hb, ∆cHHb, ∆cHbD, and ∆ctHb, respectively. 
Furthermore, we used univariate linear regression analysis with ∆ECBA as the dependent 
variable and ∆CaO2, ∆MABP, ∆cerebral O2-supply, ∆cO2Hb, ∆cHHb, ∆cHbD and ∆CBV 
as the independent variables to determine which physiologic variables were associated 
with changes in ECBA. Linear regression was forced through baseline values, which were 
set at 0. 
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The "best" prediction of a continuous dependent variable for any value of a 
continuous independent variable will be a line that minimizes the distance between the 
data and the fitted line. The standard method to approach the "best" prediction is called 
least squares regression. When this method is used to fit a regression line, the sum of the 
squares of the vertical distances (residuals) of the observations from the line is minimized. 
Each distance is the difference for an individual between the observed value and the value 
given by the line, known as the fitted value 4. Therefore, critical changes (threshold 
values) of the NIRS variables (∆cO2Hb, ∆cHHb, ∆cHbD and ∆CBV) that led to decreases 
in ECBA were determined in the individual lambs by repetitively fitting a regression 
model of two straight lines through the data above and below a testpoint. The threshold 
was defined as the testpoint where the total residual sum of squares from the two fitted 
lines was minimal 237;245. 
Statistical analyses were performed with the SPSS statistical package (version 
10.0, SPSS Inc., Chicago, IL, USA). The study was approved by the Institutional Animal 
Care and Use Committee of the University of Nijmegen before implementation.  
 
 
Results: 
 
Mean ± SD values of CaO2, PaCO2, pH, base deficit, MABP, Qcar, cerebral O2-supply, 
∆CBV and ECBA during baseline conditions and at the various levels of hypoxemia in 
lambs born near-term are presented in Table 1. Qcar as well as ∆CBV increased during 
hypoxemia. Despite the compensatory increase in Qcar, a significant decrease in cerebral 
O2-supply was observed when CaO2 was reduced to >4 mL O2/dL, whereas a significant 
decrease in ECBA was found when CaO2 was reduced to >8 mL O2/dL.  
The relationships between ∆CaO2 and ∆cO2Hb, ∆cHHb, ∆cHbD, and ∆ctHb, 
respectively, are presented in Fig. 1. The relationships between ∆cerebral O2-supply and 
∆cO2Hb, ∆cHHb, ∆cHbD, ∆ctHb, respectively, are presented in Fig. 2. Both ∆CaO2 and 
∆cerebral O2-supply had statistically significant (p<0.001) positive linear relationships 
with ∆cO2Hb (R2: 0.86 and 0.73 respectively) and ∆cHbD (R2: 0.86 and 0.73 respectively) 
and significant (p<0.001) negative linear relationships with ∆cHHb (R2: 0.83 and 0.69 
respectively) and ∆ctHb (R2: 0.54 and 0.43 respectively).  
In order to determine the extent to which a variable contributed to the changes in 
ECBA, univariate linear regression analysis was performed with ∆ECBA as dependent 
variable and ∆CaO2, ∆MABP, ∆cerebral O2-supply, ∆cO2Hb, ∆cHHb, ∆cHbD and ∆CBV 
as independent factors. It appeared that ∆ECBA was primarily determined by ∆cHbD (R2: 
0.58), ∆cHHb (R2: 0.57), ∆cO2Hb (R2: 0.55), and by ∆CaO2 (R2: 0.56). MABP (R2: 0.12) 
did not play a role in the preservation of ECBA in these lambs. 
Fig. 3 shows the relationships between ∆cO2Hb, ∆cHHb, ∆cHbD, and ∆CBV, 
respectively, and ∆ECBA. During hypoxemia, ECBA remained stable until the mean ± 
SD cO2Hb decreased >3.0 ± 0.9 µmol/100 g and cHbD decreased >8.1±1.9 µmol/100 g, 
and cHHb increased >4.3 ± 1.7 µmol/100 g and CBV increased 1.37±0.48 mL/100 g, as 
compared to baseline. With further changes from baseline, ECBA could not be 
maintained. 
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Table 1. Cerebral arterial oxygen content (CaO2), PaCO2, pH, base deficit (BD), mean 
arterial blood pressure (MABP), carotid artery blood flow (Qcar), cerebral oxygen supply 
(O2-supply), changes in cerebral blood volume (∆CBV) and electrocortical brain function 
(ECBA) during baseline conditions and at various levels of hypoxemia in near-term born 
lambs (mean ± SD). 
Mann-Whitney U test, as compared to baseline:  * p<0.05; ** p<0.01; †p<0.005; 
‡p<0.001 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The extent to which ∆CaO2 reflects changes in the oxygenation state of hemoglobin 
(∆cO2Hb, ∆cHHb, ∆cHbD, and ∆ctHb). 
 Baseline CaO2  reduction (mL O2/dL) 
  
N=17 
<4 
N=51 
4-8 
N=27 
8-12 
N=18 
>12 
N=41 
CaO2 (mL O2/dL) 13.6 ± 5.3 12.3 ± 5.6 8.2 ± 5.2† 3.7 ± 2.1‡ 2.5 ± 1.7‡ 
PaCO2 (kPa) 4.90 ± 0.71 5.70 ± 2.38 6.12 ± 2.29 6.63 ± 2.43* 6.34 ± 3.15 
pH 7.39 ± 0.09 7.32 ± 0.17 7.27 ± 0.16* 7.21 ± 0.17‡ 7.23 ± 0.20† 
BD (mmol/L) -2.71 ± 3.97 -5.09 ± 4.51* -6.36 ± 4.82* -8.32 ± 4.75‡ -8.21 ± 5.76‡ 
MABP (mm Hg) 57.7 ± 11.0 53.2 ± 14.3 55.5 ± 14.7 46.9 ± 17.3 48.6 ± 19.3 
Qcar (mL/min) 35.4 ± 12.2 39.5 ± 25.6 49.9 ± 21.8 50.4 ± 27.7 52.1 ± 32.7* 
O2-supply 
(mL/min) 
4.35 ± 1.41 4.13 ± 2.15 3.43 ± 1.99* 1.78 ± 1.16‡ 1.23 ± 0.93‡ 
∆CBV (mL/100 g) 0 0.31 ± 0.85 1.68 ± 1.48‡ 1.68 ± 1.07‡ 2.06 ± 1.11‡ 
ECBA (µV) 9.7 ± 4.1 8.8 ± 4.0 7.9 ± 4.4 5.5 ± 3.5** 4.6 ± 4.1‡ 
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Fig. 2. The extent to which ∆cerebral O2-supply reflects changes in the oxygenation state 
of hemoglobin (∆cO2Hb, ∆cHHb, ∆cHbD, and ∆ctHb). 
 
 
Discussion 
 
Brain tissue can be exposed before as well as after birth to oxygenation disturbances that 
could compromise its function. Severe hypoxemia leads to brain damage and is an 
important contributor to perinatal mortality and long-term morbidity 213;260. Continuous 
monitoring of brain oxygenation might enable early intervention in order to prevent brain 
injury due to hypoxemia, provided that thresholds of brain oxygenation, below which the 
preterm brain is at risk for injury, are known.  
NIRS was used to measure changes in brain oxygenation relative to the 
normoxemic situation. All NIRS-variables (∆cO2Hb, ∆cHHb, ∆cHbD and ∆ctHb) 
appeared to be linearly related to ∆CaO2 and ∆cerebral O2–supply, indicating that the 
NIRS-variables indeed reflect changes in CaO2 and O2-supply. Several other studies have 
tried to establish the value of NIRS as a tool for non-invasive measurement of cerebral 
oxygenation. Brazy et al. 25 concluded that ∆cO2Hb correlated significantly with 
transcutaneously measured oxygen (r=0.44, p<0.0001) in three preterm infants. Seelbach-
Göbel 193 found in the human fetus that changes in arterial O2-saturation as measured by 
pulse oximetry correlated positively with ∆cO2Hb. Our results confirm the observations 
by Brazy et al. 25 and Seelbach-Göbel 193. However, we measured cerebral oxygenation 
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Fig. 3. The relationship between ∆cO2Hb, ∆cHHb, ∆cHbD and ∆CBV, and ∆ECBA. 
 
over a much broader range of arterial O2-saturation. Seelbach-Göbel 193 observed arterial 
O2-saturation changes in the fetal situation, where oxygenation varied between 60 and 
70%. The neonatal normoxemic O2-saturation levels are higher than in the fetal situation. 
By inducing hypoxemia we decreased O2-saturation to a much larger extent than in those 
studies. Our results are in accordance with the study by Cooper et al. 36, who observed a 
linear relationship between cerebral O2-supply (defined as the product of arterial O2-
saturation and CBF) and cerebral cO2Hb during hypotension in three rats.  
Low cerebral electrocortical activity within hours after birth appears to be related 
to neuronal damage 71, but also to neonatal death and to impaired neurodevelopmental 
outcome 34;174;197;216. In our study, ECBA showed a threshold-like relationship with 
∆cO2Hb, ∆cHHb, and ∆cHbD. Apparently, the threshold corresponds to the minimally 
required cerebral O2-supply necessary to maintain brain cell function, which was 
measured with invasive techniques and calculated to be 1.7 mL/min in lambs born preterm 
245. With the NIRS equipment used, the absolute threshold values of cerebral oxygenation 
for preservation of ECBA are, however, difficult to establish, because the technique only 
enables measurements of relative changes in oxygenation.   
Villringer and Chance 256 reviewed a number of studies in which the relationship 
between brain function and changes in cerebral oxygenation, as measured by NIRS, was 
also assessed. The design in those studies was entirely different: oxygenation changes 
were induced in human subjects through stimulation of different brain regions 32;90;218 or 
through spontaneous epileptic seizures 79. Despite the different approaches, they also 
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demonstrated a relationship between cerebral oxygenation and brain function. However, 
they did not determine thresholds during a potentially hazardous situation like hypoxemia. 
Threshold values of cerebral oxygenation, as measured with NIRS, for EEG 
changes during hypoxia-ischemia were studied in 5-10 d old piglets by Kurth et al. 110. 
They found that 50% of all animals had minor EEG changes when ScO2 (= cO2Hb/ 
(cO2Hb + cHHb)) was reduced to 42%. Major EEG changes occurred in 50% of all piglets 
when ScO2 was further reduced to 37%. This is in accordance with our observations: 
below the threshold level a relatively small decrease in oxygenation leads to a major fall 
in ECBA. 
Since cO2Hb and cHHb, and therefore ctHb, cHbD and CBV, as measured by 
NIRS, can only be expressed as relative measures, all other physiological variables were 
also expressed relative to baseline to enhance comparison with cerebral oxygenation. 
Occasionally, relatively expressed variables were higher (cerebral O2-supply, ECBA, 
O2Hb) or lower (HHb) as compared to baseline while oxygenation was reduced. This may 
be explained by the relatively large compensatory increases in CBF and CBV during 
hypoxemia. 
In the animal model used, hypoxemia was induced by means of stepwise 
reduction in the inspired oxygen concentration. The main drawback of such a model is 
that there may have been an additive cumulative effect of time on the effect of hypoxemia 
on outcome measures because of the succession of increasingly severe levels of 
hypoxemia during the experiment. However, this effect is probably largely avoided 
because we separated hypoxemic periods by recovery periods. Furthermore, our design is 
similar to that of other research groups involved in perinatal hypoxemia studies 221.  
Some controversy exists regarding the effect of ketamine on CBF, the metabolic 
rate of oxygen and EEG. However, the use of an anesthetic agent is a prerequisite from an 
ethical point of view and moreover it prevents stress-induced activation of the brain 31. 
The use of low-dose ketamine (2 mg/kg) in lambs 29 and pigs 1 did not have any 
cardiovascular or cerebrovascular effect.  
We conclude that NIRS can be used as a non-invasive tool to monitor changes in 
O2-supply to the brain. We demonstrated that thresholds for ∆cO2Hb, ∆cHHb, ∆cHbD, 
and ∆CBV below and above which brain cell function deteriorates are -3.0 ± 0.9, 4.3 ± 
1.7, -8.1±1.9 µmol/100 g, and 1.37±0.48 mL/100 g, respectively. However, these are 
relative changes from normoxic baseline. This implies a limitation for the clinical use of 
these threshold values, because the majority of high risk (pre)term neonates do initially 
have a compromised oxygenation and circulation. When NIRS could provide quantitative 
measurements of oxygenation, non-invasive early detection of cerebral hypoxemia and/or 
ischemia would certainly be conceivable. Therefore, further improvement of the Oxymon-
NIRS equipment is necessary in order to obtain absolute values for the oxygenation status. 
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Abstract 
 
Background: Insufficient cerebral O2-supply leads to brain cell damage and loss of brain 
cell function. The relationship between the severity of hypoxemic brain cell damage and 
the loss of electrocortical brain activity (ECBA), as measure of brain cell function, is not 
yet fully elucidated in near-term born neonates. 
We hypothesized that there is a strong relationship between cerebral purine and 
pyrimidine metabolism, as measure of brain cell damage, and brain cell function during 
hypoxemia. 
Methods: Nine near-term lambs (term: 147 d) were delivered at 131 (range: 120-141) days 
of gestation. After a stabilization period, prolonged hypoxemia [FiO2: 0.10; duration 2.5 
h.] was induced. Mean values of carotid artery blood flow (Qcar), as measure of CBF, and 
ECBA were calculated over the last three min. of hypoxemia. At the end of the 
hypoxemic period, cerebral arterial and venous blood gases were determined and CSF was 
obtained. CSF from 11 normoxemic siblings was used for baseline values. HPLC was 
used to determine purine and pyrimidine metabolites in CSF, as measure of brain cell 
damage. 
Results: Concentrations of purine and pyrimidine metabolites were significantly higher in 
hypoxemic lambs than in their siblings, while ECBA was lower in hypoxemic lambs. 
Significant negative linear relationships were found between purine and pyrimidine 
metabolite concentrations and respectively cerebral O2-supply, cerebral O2-consumption, 
and ECBA. 
Conclusion: We conclude that brain cell function is related to concentrations of purine and 
pyrimidine metabolites in the CSF. Reduction of ECBA indeed reflects the measure of 
brain damage due to hypoxemia in near-term born neonates. 
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Introduction 
 
Despite the increase in the survival of preterm infants, long-term morbidity has not 
changed 73. Hypoxia-ischemia related brain damage is an important contributor to 
perinatal mortality and long-term morbidity in the survivors 260. 
The immature brain is very vulnerable to disturbances in cerebral oxygenation 
and hemodynamics. Cerebral O2-supply depends on both cerebral arterial oxygen content 
(CaO2) and cerebral blood flow (CBF). Cerebral hypoxia is defined as an insufficient O2-
supply to the brain, resulting from either hypoxemia (decreased CaO2) or hypoperfusion 
(decreased CBF). During hypoxemia, the brain is considered to be protected adequately 
from injury by an increase in CBF in order to preserve cerebral O2-supply and to maintain 
brain metabolism stable, unless cerebral ischemia occurs from supervened systemic 
hypotension. With the neuronal oxygen and glucose debts arising from severe hypoxemia, 
oxidative metabolism shifts to anaerobic glycolysis with its inefficient generation of high-
energy phosphate reserves, necessary to maintain cellular ionic gradients and other 
metabolic processes. However, when hypoxemia progresses ultimately cellular energy 
failure occurs, which, if not promptly reversed, results in decreased neuronal viability and 
death of the cell 249. 
During insufficient cerebral O2-supply, an accumulation of purine metabolites, 
which are the degradation products from high-energy phosphate compounds (ATP, ADP 
and AMP), will occur 19;76;208.  Since the synthesis of uridine triphosphate (UTP) and 
cytidine triphosphate (CTP) also depends on the ATP level, it is therefore to be expected 
that the decline in ATP content during hypoxemia is also followed by an accumulation of 
pyrimidine catabolites, at the expense of UTP and CTP contents 89. 
It is known that measurement of purine and pyrimidine catabolites in the 
cerebrospinal fluid (CSF) can be used as an indicator for cerebral energy failure, or even 
as an early marker for brain cell damage 82. An early marker for brain cell damage due to 
hypoxemia might facilitate recognition of the neonate at risk for cerebral injury 170. 
However, purine and pyrimidine metabolites originating from damaged brain cells have to 
be determined in CSF, which has to be obtained invasively. In contrast, electrocortical 
brain activity (ECBA) can be measured non-invasively and continuously in a clinical 
setting.  
Energy failure in the brain, due to hypoxemia, leads to a blockade of neuronal 
synaptic function and reduced electrical firing of neurons. This is reflected in recordings 
of ECBA, which can reveal a general picture of the functional state of the brain, 
monitored by Cerebral Function Monitor (CFM) 175. It has been reported that CFM 
correlates well with conventional multichannel electroencephalogram (EEG) evaluation of 
cortical neuronal activity of neonates, except for the recognition of very short seizure 
activity patterns 2;66;86;104;209;217.  Integrated EEG signals have been found to correlate with 
the number of firing neurons 271. A disadvantage of EEG is that it requires the presence of 
an expert interpreting the large data volumes. In an effort to solve this problem, various 
methods of compressing the EEG signal have been developed, the CFM being one of 
them. Non-invasive recording of electrocortical brain cell activity by means of EEG and 
CFM-like signals (e.g. ECBA) in the newborn period can be used as a measure for brain 
cell function 175. Moreover, abnormal tracings are related to neonatal death and in the 
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survivors to neurodevelopmental outcome 2;34;53;211;216.  Although relationships between 
EEG and intracerebral hemorrhages and number of damaged brain structures are reported 
34;71;239;248, ECBA does not provide a measure of energy failure leading to brain cell 
damage. One of the major problems in the care for high risk neonates is to determine 
whether a baby's brain has suffered severe, irreversible damage after hypoxemia 15. The 
extent of the damage is important with respect to the reversibility of the compromised 
brain function. The relationship between hypoxemic brain cell damage due to energy 
shortage, as measured by purine and pyrimidine metabolism, and brain cell function, as 
measured by ECBA, after near-term birth is, however, not yet fully elucidated.  
The near-term born lamb was used to investigate whether ECBA can provide an 
adequate measure for brain cell damage due to hypoxemia. We hypothesized that there is 
a relationship between disturbed brain cell function due to hypoxemic cell damage and the 
release of purine and pyrimidine metabolites in the CSF.  
 
 
Methods 
 
Animal preparation and instrumentation 
Pregnant ewes of Dutch Texel breed were operated at 131 (mean; range: 120-141) days of 
gestation (term 147 days) under general anesthesia with 3% isoflurane. After a polyvinyl 
catheter was inserted into the ewe’s jugular vein, isoflurane anesthesia was replaced with 
infusion of 600 mg/h ketamine hydrochloride and 15 mg/h midazolam. A pregnant horn of 
the uterus was exposed through a midline incision in the ewe’s abdomen, and an uterus 
incision was made over the fetal head of one lamb only. Siblings were kept in utero and 
were not instrumented. They were used to determine baseline values of purine and 
pyrimidine concentrations in the CSF. The ewe was monitored throughout the experiment 
and was kept in an optimal ventilatory (PaO2: 10-15 kPa, PaCO2: 4-5 kPa, pH: 7.3-7.4) 
and circulatory condition (mean arterial blood pressure (MABP): 100-120 mm Hg).   
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not clamped yet. A polyvinyl catheter (outer diameter 
(OD) 2.1 mm) was placed in the right brachial vein for administration of ketamine 
hydrochloride (10 mg/kg⋅h), glucose 5% (2 mL/kg⋅h) and antibiotics (amoxicillin and 
gentamicin). Furthermore, the right brachial artery (polyvinyl catheter, OD: 2.1 mm, with 
its catheter tip in the arcus aortae) and right jugular vein (polyurethane catheter, OD: 0.9 
mm) were cannulated for measurement of the arterial blood pressure and arterial and 
venous blood gas sampling. The venous catheter was inserted in the cranial direction of 
the right jugular vein to obtain information on the venous cerebral compartment. Arterial 
and venous blood gases were analyzed with a blood gas analyzer (ABL 510, Radiometer 
Medical A/S, Copenhagen, Denmark). Oxygen saturation values were corrected for 
interspecies differences according to Nijland et al. 153. Arterial and venous blood pressures 
were measured with disposable transducers (Edwards Life Sciences BV, Los Angeles, 
USA). 
After exposing the left carotid artery, we applied an appropriately sized 
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System Inc., New 
York, USA) to fit around the vessel in order to assess changes in carotid artery blood flow 
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(Qcar). Changes in Qcar were used to assess changes in CBF, since a close linear 
relationship between Qcar and CBF (determined with radioactive microspheres) was 
reported by Van Bel et al. 230.  
Cerebral O2-supply and O2-consumption respectively were calculated as follows: 
O2-supply (mL O2/min)= Qcar x CaO2,  
O2-consumption (mL O2/min)= Qcar x (CaO2-CvO2),  
with arterial (venous) oxygen content:  
Ca(v)O2 (mL O2/mL)= Sa(v)O2 x Hb (g/dL) x 1.36 (mL O2/g Hb)/100)).  
Two disposable subdermal needle electrodes for EEG recordings (Oxford 
Instruments BV, Gorinchem, the Netherlands) were positioned on the parietal regions of 
the skull, and one electrode on the occipital region as a reference. Thus, a CFM recording 
was registered. Conventional CFM provides a semi-logarithmic amplitude distribution 
plot of a single channel EEG through amplification, bandpass filtering (2-16 Hz), 
compression, rectification and smoothing. The signal is then recorded at slow speed and is 
very well suited for visual evaluation. Although many authors have tried to express 
electrical activity derived from the CFM signal on a numerical scale, calculating means 
from a semi-logarithmical scale is, to our opinion, not a logical step in signal analysis. 
Therefore, from a signal analytical point of view, we have used a slightly different 
approach. We also used a 2-16 Hz band filtered one-channel EEG. But, we calculated the 
(three min.) mean of the squared signal (mean power). The result is presented as the root 
from this signal. ECBA is thus calculated as the Root Mean Square (RMS) value of a 
band filtered (2-16 Hz) one-channel EEG 245 and is comparable with a voltage scale. 
Seizures were determined by visual inspection of the CFM recordings (Professor L.S. De 
Vries). The width of the band indicates the spontaneous moment-to-moment variations in 
voltage from minimum to maximum of cerebral electrical activity. The bandwidth was 
calculated during three minutes at the end of the baseline period by subtracting the 
minimum amplitude from the maximum amplitude. Minimum and maximum amplitudes 
were calculated as described by Viniker et al. 257.   
 
Experimental procedure 
After the preparation, the instrumented lamb was intubated. Ventilation was started using 
a continuous flow pressure controlled ventilator (Babylog 1 HF, Dräger, Lübeck, 
Germany). Ventilator settings were adjusted to obtain optimal blood gases.  
When the instrumented lamb was in an optimal ventilatory (PaO2: 10-14 kPa, 
PaCO2: 4.5-6.0 kPa, pH: 7.3-7.4) and circulatory (MABP 60-65 mm Hg) condition, the 
umbilical cord was clamped to mimic an extrauterine condition. Surfactant (Survanta, 
Ross Laboratories, Columbus, OH, USA) was administered if necessary to achieve an 
optimal ventilation and oxygenation with a fraction of inspired oxygen concentration 
(FiO2) of 0.30. A stabilization period of three hours was applied. Qcar and ECBA were 
recorded with a computer system and stored for further analysis (MIDAC, Biomedical 
Engineering Department, University Medical Center Nijmegen, Nijmegen, the 
Netherlands). At the end of the stabilization period, mean baseline values of Qcar and 
ECBA were calculated over three minutes in the instrumented lamb and cerebral arterial 
blood gases were obtained for calculation of baseline cerebral O2-supply and O2-
consumption.  
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Thereafter, prolonged hypoxemia [FiO2: 0.10; duration 2.5 h.] was induced in the 
nine instrumented lambs by gradual reduction of the inspired oxygen concentration by 
mixing air with increasing amounts of nitrogen. At the end of the hypoxemic period, mean 
values of Qcar and ECBA were calculated again over three minutes and cerebral arterial 
blood gases were obtained for calculation of cerebral O2-supply and O2-consumption.  
 
Purine and pyrimidine metabolism 
Measurements of Qcar and ECBA could only be performed in the instrumented lambs. 
Instrumentation of the siblings was not feasible. In the instrumented lambs, CSF was 
obtained at the end of the hypoxemic period. Baseline CSF samples were obtained from 
the siblings. Since the ewes were kept in an optimal ventilatory and circulatory condition 
until the end of the experiment, we assumed that the siblings were in a normoxemic (fetal) 
situation at the time of CSF sampling. The purine and pyrimidine metabolite 
concentrations in the CSF of the siblings were considered to be similar to the baseline 
CSF purine and pyrimidine metabolite concentrations in the instrumented lambs, if 
baseline CSF could have been obtained in these lambs. Therefore we linked the CSF 
purine and pyrimidine metabolite concentrations of the siblings to the physiological 
baseline values of the instrumented lambs.  
CSF was obtained by punction of the cisterna magna in the nine instrumented 
hypoxemic lambs and in the 11 (normoxemic) siblings. After anterior flexion of the neck, 
the needle was introduced through the foramen magnum at a point just below the nuchal 
ridge until the appearance of CSF. It was not always feasible to obtain CSF from both the 
instrumented hypoxemic lamb as from its sib. 
Samples were immediately centrifuged (3000 rpm, 10 min.) in order to eliminate 
any red blood cell contamination, fixated with 8 M perchloric acid and homogenized 
gently. After centrifugation, the supernatant was neutralized with 4 M K2HPO4. The 
samples were frozen at –80°C until analysis. A HPLC procedure with a Alltima C18 
reversed-phase column, pore size 5 µm, column size 250 x 4,6 mm, (Altech, Deerfield, IL, 
USA) was used to determine purine metabolites (guanosine, inosine, hypoxanthine, 
xanthine) and pyrimidine metabolites (uridine, uracil, pseudo uridine) in the CSF as a 
measure of brain cell damage. Pseudo uridine is the most commonly modified nucleotide 
and is solely found in the RNA 130.   
 
Statistical analysis 
In the instrumented lambs, mean values were calculated for cerebral O2-supply, cerebral 
O2-consumption and ECBA during the last three minutes of the baseline period and during 
the last three minutes of the hypoxemic period. The mean of left and right hemispheric 
ECBA was used for further analysis.  
The data were expressed as median (range). Mann-Whitney U tests were used to 
compare baseline and hypoxemic blood gas values, physiological variables and metabolite 
concentrations.  
Linear regression analysis shows to what extent the variability in the dependent 
variable can be attributed to different values of the independent variable (represented by 
R2) 4. Univariate linear regression analyses were used to test the relationships between 
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metabolite concentrations and cerebral O2-supply, cerebral O2-consumption and ECBA. 
Linear regression was forced through median baseline values.  
Statistical analysis was performed with the SPSS statistical package (SPSS Inc., 
Chicago, IL, USA).  
 The study was approved by the Institutional Animal Care and Use Committee of 
the University of Nijmegen before implementation 
 
 
Results 
 
There were no statistically significant differences in birth weight and gender between the 
instrumented lambs and the siblings. 
 
Table 1. Median (range) purine and pyrimidine catabolite concentrations at baseline and 
at the end of prolonged hypoxemia.  
 Baseline values 
N=11 
Hypoxemia 
N=9 
Guanosine (µM) 0.52 (0.24-2.48) 5.60 (3.30-6.20) ¶ 
Inosine (µM) 2.36 (1.08-11.68) 48.70 (24.10-63.80) ¶ 
Hypoxanthine (µM) 13.92 (6.41-44.40) 120.50 (57.90-205.40) ¶ 
Xanthine (µM) 3.86 (1.31-11.75) 24.00 (7.80-44.60) ¶ 
Uridine (µM) 3.50 (0.50-7.55) 8.60 (6.70-29.50) ¶ 
Pseudo uridine (µM) 5.60 (3.34-7.40) 7.00 (6.30-9.30) † 
Uracil (µM) 2.22 (0.25-35.00) 239.7 (134.60-479.60) ¶ 
Mann-Whitney U test compared to baseline*p<0.05; †p<0.01; ‡p<0.005; ¶p<0.001  
 
A total of nine hypoxemic CSF samples from the instrumented lambs and 11 
baseline CSF samples from their siblings were analyzed for purine and pyrimidine 
metabolism. Guanosine was not detectable in three baseline and in three hypoxemic CSF 
samples. Inosine and uracil were not detectable in four baseline and two hypoxemic CSF 
samples. Xanthine was not detectable in one, pseudo uridine was not detectable in two, 
and uridine was not detectable in three hypoxemic CSF samples. Purine and pyrimidine 
metabolite concentrations were significantly higher at the end of prolonged hypoxemia 
(Table 1). Especially the concentrations of inosine, hypoxanthine and uracil showed 
dramatic increases at the end of prolonged hypoxemia. 
Arterial oxygen saturation (SaO2), partial pressure of oxygen (PaO2), pH, MABP, 
CaO2, cerebral O2-supply, cerebral O2-consumption and ECBA were significantly lower at 
the end of prolonged hypoxemia than at baseline (Table 2).  
Spearman correlation showed no significant relationship between Qcar and 
ECBA (r: 0.434). 
The relationships between cerebral O2-supply and cerebral O2-consumption and 
the purine and pyrimidine metabolite concentrations were statistically significant for all 
metabolites (Table 3).  
A typical example of a CFM recording in baseline and hypoxemic conditions is 
provided in Fig. 1. Median (range) CFM bandwidth was 17.0 (12.5-29.0) µV in baseline 
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conditions. After prolonged hypoxemia, the CFM bandwidth in the interburst or 
interseizure intervals was not calculated, since the tracings were nearly flat (<5µV). After 
prolonged hypoxemia, a flat tracing with or without a few bursts was observed in four 
lambs, a burst suppression pattern was observed in two lambs, and a depressed 
background pattern with seizure activity was observed in three lambs.  
 
Table 2. Median (range) blood gas values and physiological variables in nine 
instrumented lambs during baseline and hypoxemic conditions.   
 Baseline values Hypoxemia 
SaO2 (%) 100.00 (68.70-100.00) 10.47 (3.49-46.61) ¶ 
PaO2 (kPa) 15.68 (11.53-16.85) 1.57 (0.11-3.08) ‡ 
PaCO2 (kPa) 5.05 (3.18-7.96) 5.64 (3.32-11.01)  
pH 7.38 (7.23-7.46) 6.97 (6.68-7.41) † 
MABP (mm Hg) 61.45 (55.26-84.26) 24.83 (15.17-64.02) ¶ 
CaO2 (mL/dL) 12.38 (7.17-18.50) 1.35 (0.45-3.23) ¶ 
Qcar (mL/min) 34.13 (22.07-55.84) 12.25 (0.00-95.09) 
Cerebral O2-supply 
(mL/min) 
3.60 (2.98-7.79) 0.23 (0.00-1.30) ¶ 
Cerebral O2-
consumption (mL/min) 
0.84 (0.50-2.44) 0.18 (0.00-0.62) ‡ 
ECBA (µV) 10.28 (10.01-12.55) 3.63 (0.93-8.97) ¶ 
Mann-Whitney U test compared to baseline *p<0.05; †p<0.01; ‡p<0.005; ¶p<0.001  
 
Table 3. Square root (R2) values from univariate linear regression analyses with purine 
and pyrimidine metabolite concentrations as the dependent and cerebral O2-supply and 
cerebral O2-consumption as the independent variables. Analyses include all purine and 
pyrimidine concentrations and values of cerebral O2-supply and cerebral O2-consumption 
at the end of prolonged hypoxemia in the instrumented lambs. For calculation of R2, 
linear regression lines were forced through fixed median baseline values.  
 Cerebral O2-supply  
(mL/min) 
Cerebral O2-consumption 
(mL/min) 
Guanosine (µM) 0.90¶ 0.87† 
Inosine (µM) 0.90¶ 0.85¶ 
Hypoxanthine (µM) 0.92¶ 0.91¶ 
Xanthine (µM) 0.86¶ 0.86¶ 
Uridine (µM) 0.96¶ 0.93¶ 
Pseudo uridine (µM) 0.66* 0.52 
Uracil (µM) 0.83‡ 0.86‡ 
Significance of R2: *p<0.05; †p<0.01; ‡p<0.005; ¶p<0.001  
 
ECBA was significantly negatively related to all purine and pyrimidine 
metabolite concentrations. The relationships between ECBA and the purine and 
pyrimidine metabolite concentrations are presented in Fig. 2.  
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Fig. 1. A typical example of a CFM recording in baseline (left) and prolonged hypoxemic 
(right) conditions. Note that the recording speed is considerably higher than in the 
standard clinical CFM recordings 87. 
 
 
Discussion 
 
We used the near-term newborn lamb to study the effects of hypoxemia on purine and 
pyrimidine concentrations in the CSF, as a measure of structural brain cell damage, and 
ECBA, as a measure of functional brain cell damage, after near-term birth. To test the 
reversibility of structural and functional brain cell damage after hypoxemia was beyond 
the scope of this study.  
Even today there is no consensus as to which animal model best describes human 
perinatal hypoxic-ischemic encephalopathy. Although the fetal sheep, the newborn lamb 
and the piglet are comparable in size to human newborn infants, it has not been well 
established whether their brains can be compared to human newborn brains 187. However, 
this model was chosen because in the fetal lamb brain development in the last trimester of 
pregnancy is rather similar to that in the human fetus 181. Furthermore, the lamb model is 
applicable in fetal as well as neonatal studies and there is extensive experience with 
cerebral hemodynamic studies in this animal model 181;187. This model is suitable for acute 
and subacute studies and the size of a near-term lamb is adequate to test and monitor 
multiple organ systems 187. 
 Since sampling of CSF in the instrumented lambs during both normoxemia and 
hypoxemia was not feasible, we used CSF of the siblings for baseline values. The ewes 
were monitored continuously and were in an optimal ventilatory and circulatory condition 
and the umbilical cords of the siblings were not obstructed during the experiments. 
Therefore, we assumed an optimal cerebral oxygenation and circulation of the siblings. 
We did not expect elevated concentrations of purine and pyrimidine metabolites due to 
brain cell damage under these physiological fetal conditions in the siblings. This was 
confirmed by the low concentrations of purine and pyrimidine metabolites in the siblings. 
These concentrations were comparable to the baseline CSF purine concentrations in fetal 
lambs as observed by De Haan et al. 41. The umbilical cords of the instrumented lambs 
were clamped to mimic delivery. To our knowledge, the effect of delivery on the purine 
and pyrimidine metabolite concentrations is not known. However, we assume it to be 
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Fig. 2. Relationships between purine 
and pyrimidine metabolite concen-
trations and ECBA. In each figure, 
purine and pyrimidine metabolite 
concentrations and ECBA values of 
the hypoxemic lambs are presented as 
independent points. Median baseline 
values are presented as fixed data 
points (x) in the figures. Regression 
lines were forced through these fixed 
median baseline values. 
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negligible after a caesarian section, in particular after a stabilization period of three hours. 
Since we determined baseline values of purine and pyrimidine metabolite 
concentrations and baseline physiological values in different pools of lambs (respectively 
in siblings and instrumented lambs), these baseline purine and pyrimidine metabolites and 
physiological values could not be presented as independent data points belonging to 
individual lambs. To our opinion, the baseline values of the purine and pyrimidine 
metabolite concentrations and of the physiological variables are obtained during 
normoxemic conditions and can therefore be considered as given baseline data for this 
group of animals.  
A standardized insult (FiO2: 0.10 for 2.5 hours) resulted in a range in arterial 
oxygen concentrations. Alveolar hypoxemia is a very frequently used procedure in 
physiology to challenge control systems, receptors and even cellular behavior. This 
procedure is based on the decrease in oxygen tension in the alveoli and arterial blood, and 
the decrease in the hemoglobin saturation, all leading to a decrease in CaO2 27. Based upon 
this reasoning it could be proposed that the O2-supply to all body tissues would decrease 
equally and in direct proportion to the decrease in CaO2. However, this is not the case 
since there are compensatory mechanisms that maintain and redistribute the blood flow to 
vital organs, like heart and brain. In summary, a decrease in FiO2 and CaO2 does not 
necessarily produce changes at neuronal level. Biological variation between animals 
resulted in a range of CaO2 and cerebral O2-supply values; we used these values as the 
independent variables. This allowed us to compare cerebral electrical activity with 
oxygenation status. 
Hypoxia increases CBF adequately to maintain brain metabolism stable until 
cerebral ischemia supervenes owing to cardiac depression and systemic hypotension 249. 
During hypoxemia, blood pressure will remain relatively stable as long as the 
myocardium is able to sustain cardiac output 21. However, if the myocardium fails, blood 
pressure will decrease below its baseline level, which we observed in our study at the end 
of prolonged hypoxemia. Inadequate CBF for maintenance of cerebral O2-supply shifts 
oxygen metabolism to anaerobic glycolysis and sets in motion a cascade of metabolic 
processes, leading to perinatal hypoxic-ischemic cerebral injury 128. The compensatory 
ability during prolonged hypoxemia to preserve cerebral O2-supply in order to meet the 
cellular needs for adequate brain cell function was not sufficient, as we also observed in a 
previous study 245. The lack of reactivity of the cerebral arterial vascular system to 
hypoxemia, and therefore the lack of sufficient compensatory hemodynamic properties, 
was reflected by the decrease in CBF during the hypoxemic period, although there was a 
considerable interindividual variability. Szymonowicz et al. 202 observed that local 
cerebral perfusion in near-term fetal lambs is not primarily determined by CaO2. They 
found that regional CBF sensitivity to oxygenation increases with increasing maturity, 
except in the white matter, where regional CBF in the near-term fetus, is blood pressure 
dependent. Gunn et al. 71 showed in fetal sheep that neuronal damage due to asphyxia was 
strongly associated with the percentage of decrease in blood pressure during the insult but 
not with the degree of hypoxia. 
Normal cerebral function is intimately related to adequate O2-supply and 
metabolism. During insufficient O2-supply, ATP is catabolized to AMP, IMP, adenosine, 
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hypoxanthine and xanthine and is ultimately excreted as uric acid. The formation of 
xanthine and uric acid by xanthine oxidase is a source of free radical formation, which is 
important for the development of ischemic and post-ischemic damage 43;206. Elevated 
levels of hypoxanthine and xanthine in the brain are related to irreversible brain cell 
damage due to free radical formation after hypoxia 83. In addition, the increase of 
hypoxanthine and xanthine after asphyxia seems to be related to the loss of sensory 
evoked potentials, which indicates poorer cerebral function 208. During the breakdown of 
ATP, not only concentrations of hypoxanthine and xanthine in the CSF will increase, but 
also those of other purine metabolites, such as guanosine and inosine, and pyrimidine 
metabolites, such as uridine and uracil, increase. We have shown that after prolonged 
hypoxemia, the CSF concentrations of purine and pyrimidine metabolites were 
significantly higher as compared to the baseline values that were obtained in the control 
lambs. Furthermore, ECBA was significantly lower after prolonged hypoxemia as 
compared to the values obtained in baseline conditions in the instrumented lambs. 
Combining these facts, we suggest that there exists a relationship between the increase in 
the concentrations of these metabolites and the decrease in brain cell function. This was 
supported by the linear regression analysis that showed that a large part of the variability 
of the CSF concentrations of the purine and pyrimidine metabolites could be attributed to 
the variability of ECBA. In adult animals exposed to hypoxia, the EEG indicates disturbed 
function before the break-down of ATP 195 and a threshold-type relationship was 
suggested between electrophysiological function as measured by evoked potential and 
cortical blood flow 24. Thiringer et al. 208 found a close relationship between a gradual 
increase in fetal plasma concentrations of hypoxanthine and the deterioration of fetal 
evoked potentials. However, hypoxanthine was measured in plasma and might therefore 
have originated from other fetal organs.  
After prolonged hypoxemia, the bandwidth of the CFM trace was significantly 
reduced when compared with baseline conditions since moment-to-moment variations in 
voltage of cerebral activity were decreased enormously.  Epileptic seizures are relatively 
common in ill and distressed newborn infants. The seizures are often reactive and caused 
by transient disturbances in cerebral oxygenation, metabolism and blood flow. Burst 
suppression patterns and electrocerebral inactivity, or extremely low-voltage patterns, are 
predictive of poor outcome (death or severe handicap) 87. The seizures and bursts did not 
have a large influence on the calculated mean ECBA values and differences in mean 
ECBA values between baseline and hypoxemic conditions were obvious, despite the 
seizures.  
Much controversy still exists regarding the anesthetic effect of ketamine on CBF, 
metabolic rate of oxygen and ECBA. However, the usage of an anesthetic agent is a 
prerequisite from an ethical point of view and moreover it prevents stress-induced 
activation of the brain 31. Burrows et al. 29 demonstrated that in the presence of adequate 
ventilation, ketamine produces no significant cardiovascular effects in preterm lambs. In 
general, anesthetic agents produce an alteration in the EEG and evoked responses 
consistent with their clinical effect on the central nervous system. Therefore, ketamine 
treatment may have influenced the recorded ECBA. However, other anesthetics may even 
have had a more profound effect on ECBA 199.  An overall lack of depressant effect on the 
EEG has made ketamine a desirable agent for monitoring responses that are usually 
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difficult to record under anesthesia (e.g. dermatomal evoked responses and transcranial 
MEP). Furthermore, if ketamine had caused an activation of cerebral function, this 
activation should have been paralleled by increases in CBF, according to Kochs et al. 107. 
Since, our baseline CBF values were not higher than the reported reference CBF values 
for near-term lambs 65;230 and no significant relationship between Qcar and ECBA was 
observed, we assume that ketamine has not influenced ECBA to a large extent. In the 
present study, recordings of ECBA (both baseline as at the end of prolonged hypoxemia) 
were made during the same depth of anesthesia. Therefore, changes between baseline and 
hypoxemic values cannot be attributed to an anesthetic effect, but to changes in 
oxygenation. 
Purine and pyrimidine metabolite concentrations are known to increase after a 
severe reduction in cerebral O2-supply in the fetus 41;102;137;208;210;233, newborn 84;89 and 
adult 76;83;191;210. However, it appears that there is a difference between the immature and 
the mature brain in the relationship between the breakdown of ATP and cerebral function 
during hypoxemia; in the fetal brain impairment of cerebral function coincided with a 
gradual breakdown of ATP, whereas in the adult brain cerebral function is already 
observed before breakdown of ATP. Thiringer et al. 208 suggested that this difference 
corresponds to different rates of reduction in cerebral O2-consumption during hypoxia in 
fetal and adult animals. In the immature animal, O2-consumption rapidly decreases with 
falling arterial oxygenation, especially in combination with acidemia 103, while in adult 
animals 195 and humans 33 no reduction in cerebral O2-consumption takes place until very 
low oxygenation values are reached. Therefore, the concentrations of purine and 
pyrimidine metabolites will increase more rapidly in the immature than in the mature 
animals.   
We have demonstrated that brain cell damage, as measured by purine and 
pyrimidine metabolite concentrations in CSF, increases and brain cell function, as 
measured by ECBA, decreases after prolonged hypoxemia in near-term lambs and that 
variations in these variables are related. Combining these findings, we conclude that 
decreases in brain cell function are related to increases in concentrations of purine and 
pyrimidine metabolites in CSF and that ECBA therefore most likely reflects the measure 
of brain cell damage due to prolonged hypoxemia in the near-term neonate. 
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5 Excitatory amino acid release and electrocortical brain activity after hypoxemia in near-term lambs  
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Abstract 
 
Background: Energy failure due to insufficient cerebral O2-supply leads to excess 
accumulation of calcium ions in pre-synaptic neurons, followed by excess release of 
excitatory amino acids (EAAs), which are potent neurotoxins, into the synaptic cleft.   
Aim:  The aim of the present study was to determine whether extracellular EAA release 
after prolonged hypoxemia affects electrocortical brain activity (ECBA), as measure of 
brain cell function, in near-term born lambs. 
Methods: Ten near-term lambs (term: 147 d) were delivered at 131 d of gestation. After a 
stabilization period, prolonged hypoxemia (FiO2: 0.10; duration 2.5 h.) was induced. 
Mean values of physiologic variables, including ECBA, were calculated over the last three 
min. of normoxemia as well as of hypoxemia. Cerebral arterial and venous blood gases 
were determined at the end of the normoxemic and hypoxemic periods. Cerebrospinal 
fluid (CSF) was obtained at the end of the hypoxemic period. CSF from six normoxemic 
siblings was used for comparison. HPLC was used to measure EAAs in the CSF.  
Results: During hypoxemia, aspartate and glutamate concentration increased significantly 
(4.8 and 6.0 times, respectively), while asparagine and glutamine did not. ECBA 
decreased to 30% of the normoxemic value. Glutamate was significantly higher in lambs 
with a flat cerebral function monitor tracing than in lambs with a burst suppression 
pattern. 
Conclusion: After prolonged hypoxemia aspartate and glutamate accumulated excessively 
in the CSF of near-term born lambs. Especially glutamate concentrations in CSF were 
related to the decline in brain cell function. 
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Introduction 
 
Adequate oxygen availability and blood flow are prerequisites for normal brain function 
and growth. In preterm newborns, cerebral oxygenation and hemodynamics are easily 
disturbed because of the immaturity of various organ systems, e.g. pulmonary and 
cardiovascular systems. Long-term follow-up data of children born before 32 weeks of 
gestation show that 10% of them develop cerebral palsy and 50% exhibit cognitive and 
behavioral problems 235;265.  
A major problem in neonatology is the rapid and reliable determination of the 
severity of a hypoxemic and/or ischemic insult so as to allow the appropriate management 
in order to prevent or reduce cerebral damage. 
A decline in the cerebral arterial oxygen content (CaO2) reduces the cerebral 
energy production. As a consequence of the energy failure, an excess accumulation of 
calcium ions occurs in pre-synaptic neurons 125. An important effect of the influx of 
calcium ions is the massive release of neurotransmitters, particularly the excitatory amino 
acids (EAAs) aspartate and glutamate, into the synaptic cleft 77. Neurotransmitter 
receptors are proteins embedded in the post-synaptic neuronal cell membrane 178. They 
translate chemical signals into electrical signals by binding neurotransmitter molecules 
secreted by pre-synaptic neurons, which act in turn by opening and closing post-synaptic 
ion channels. The excess release of EAAs during conditions of energy failure creates a 
potent neurotoxic condition and may therefore be involved in brain cell dysfunction and 
ultimately cell death 161.  
Tan et al. 205 observed an on average two-fold increase in aspartate and glutamate 
concentrations in the cerebral extracellular space after 30 min. of cerebral ischemia in 
near-term fetal lambs. Furthermore, cortical electroencephalogram (EEG) activity 
appeared to be suppressed during that ischemic insult. However, no relationship between 
the extent of EEG suppression and increase in aspartate and glutamate concentrations was 
assessed.  
The aim of the present study was to study the relationship between extracellular 
EAA concentrations and the suppression of electrocortical brain activity (ECBA) during 
prolonged hypoxemia in near-term born lambs. 
 
 
Methods 
 
The study was approved by the Institutional Animal Care and Use Committee of the 
University of Nijmegen before implementation. The experiments were carried out in 
accordance with the European Communities Council Directive (86/609/EEC). 
 
Animal preparation and instrumentation 
Pregnant ewes of Dutch Texel breed were intubated, mechanically ventilated with a 
mixture of air and oxygen, and operated under general anesthesia with 3% isoflurane at 
131 days of gestation (term 147 days). The ewes were placed in the left lateral tilt to 
reduce aortal compression by the uterine contents. After a polyvinyl catheter was inserted 
into the ewe’s jugular vein, isoflurane anesthesia was replaced with infusion of 600 mg/h 
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ketamine hydrochloride and 15 mg/h midazolam. An arterial catheter was placed into the 
left carotid artery of the ewe for measurement of arterial blood pressure and blood gas 
sampling. A pregnant horn of the uterus was exposed through a midline incision in the 
ewe’s abdomen, and a uterine incision was made over the fetal head of one lamb only. 
Siblings were kept in utero and were not instrumented. They were used to determine 
(fetal) normoxemic values of extracellular EAA concentrations in the cerebrospinal fluid 
(CSF). The ewe was monitored throughout the experiment and was kept in an optimal 
ventilatory (PaO2: 10-15 kPa, PaCO2: 4-5 kPa, pH: 7.3-7.4) and circulatory (mean arterial 
blood pressure (MABP): 100-120 mm Hg) condition. 
The fetus’ head and right fore limb were exteriorized and an occluder was placed 
around the umbilical cord, but was not clamped yet. The fetal body weight was estimated 
for drug administration. A polyvinyl catheter (outer diameter (OD) 2.1 mm) was placed in 
the right brachial vein for administration of ketamine hydrochloride (10 mg/kg⋅h), glucose 
5% (2 mL/kg⋅h) and antibiotics (amoxicillin and gentamicin). Furthermore, the right 
brachial artery (polyvinyl catheter, OD: 2.1 mm, with its catheter tip in the arcus aortae) 
and right jugular vein (polyurethane catheter, OD: 0.9 mm) were cannulated for 
measurement of the arterial blood pressure and arterial and venous blood gas sampling. 
The venous catheter was inserted in the cranial direction of the right jugular vein to obtain 
information on the venous cerebral compartment. Arterial and venous blood gases were 
analyzed with a blood gas analyzer (ABL 510, Radiometer Medical A/S, Copenhagen, 
Denmark). Oxygen saturation values were corrected for interspecies differences according 
to Nijland et al. 153. Arterial and venous blood pressures were measured with disposable 
transducers (Edwards Life Sciences BV, Los Angeles, USA). 
After exposing the left carotid artery, we applied an appropriately sized 
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System Inc., New 
York, USA) to fit around the vessel in order to assess changes in carotid artery blood flow 
(Qcar). Changes in Qcar were used to assess changes in cerebral blood flow (CBF), since 
a close linear relationship between Qcar and CBF (determined with radioactive 
microspheres) was reported by Van Bel et al. 230.  
Cerebral O2-supply and O2-consumption, respectively, were calculated as 
follows: 
O2-supply (mL O2/min)= Qcar x CaO2,  
O2-consumption (mL O2/min)= Qcar x (CaO2-CvO2),  
with arterial (venous) oxygen content:  
Ca(v)O2 (mL O2/mL)= arterial (venous) O2 saturation (Sa(v)O2) x Hb (g/dL) x 1.36 ((mL 
O2/g Hb)/100).  
Two disposable subdermal needle electrodes for EEG recordings (Oxford 
Instruments BV, Gorinchem, the Netherlands) were positioned on the parietal regions of 
the skull, and one electrode on the occipital region as a reference. Thus, a cerebral 
function monitor (CFM) recording was registered. Conventional CFM provides a semi-
logarithmic amplitude distribution plot of a single channel EEG through amplification, 
bandpass filtering (2-16 Hz), compression, rectification and smoothing. The signal is then 
recorded at slow speed and is very well suited for visual evaluation. Although many 
authors have tried to express electrical activity derived from the CFM signal on a 
numerical scale, calculating means from a semi-logarithmical scale is, to our opinion, not 
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a logical step in signal analysis. Therefore, from a signal analytical point of view, we have 
used a slightly different approach. We also used a 2-16 Hz band filtered one-channel 
EEG. But, we calculated the (three min.) mean of the squared signal (mean power). The 
result is presented as the root from this signal. ECBA is thus calculated as the Root Mean 
Square (RMS) value of a band filtered (2-16 Hz) one-channel EEG 243;245;247 and is 
comparable with a voltage scale. Professor L.S. De Vries analyzed the CFM recordings by 
visual inspection 87. The width of the band indicates the spontaneous moment-to-moment 
variations in voltage from minimum to maximum of cerebral electrical activity. The 
bandwidth was calculated during three minutes at the end of the normoxemic period by 
subtracting the minimum amplitude from the maximum amplitude. Minimum and 
maximum amplitudes were calculated as described by Viniker et al. 257.   
 
Experimental procedure 
After the preparation, the lungs of the instrumented lamb were intubated. Ventilation was 
started using a continuous flow pressure controlled ventilator (Babylog 1 HF, Dräger, 
Lübeck, Germany). Ventilator settings were adjusted to obtain optimal blood gases.  
When the instrumented lamb was in an optimal ventilatory (PaO2: 10-14 kPa, 
PaCO2: 4.5-6.0 kPa, pH: 7.3-7.4) and circulatory (MABP 60-65 mm Hg) condition, the 
umbilical cord was clamped to mimic a newborn condition. Surfactant (Survanta, Ross 
Laboratories, Columbus, OH, USA) was administered if necessary to achieve an optimal 
ventilation and oxygenation with a fraction of inspired oxygen concentration (FiO2) of 
0.30. The instrumented lamb was kept partly in the uterus and covered with a warm 
blanket in order to maintain an optimal body temperature (nasal temperature 390 C). A 
stabilization period of three hours was applied. MABP, Qcar, and ECBA were recorded 
with a computer system and stored for further analysis (MIDAC, Biomedical Engineering 
Department, University Medical Center Nijmegen, Nijmegen, the Netherlands). At the 
end of the stabilization period, mean normoxemic values of MABP, Qcar and ECBA were 
calculated over three minutes in the instrumented lamb. Cerebral arterial and venous 
blood gases were then obtained for calculation of cerebral O2-supply and O2-consumption 
in the normoxemic condition. Furthermore, arterial blood samples were collected for 
measurement of normoxemic glucose and lactate concentrations. 
Thereafter, prolonged hypoxemia (FiO2: 0.10; duration 2.5 h.) was induced in the 
ten instrumented lambs by gradual reduction of the FiO2 by mixing air with increasing 
amounts of nitrogen. At the end of the hypoxemic period, mean values of MABP, Qcar 
and ECBA were calculated again over three minutes. Cerebral arterial and venous blood 
gases were obtained for calculation of cerebral O2-supply and O2-consumption and arterial 
blood samples were collected for measurement of glucose and lactate concentrations.  
 
Excitatory amino acids 
Measurements of MABP, Qcar and ECBA could only be performed in the instrumented 
lambs. Instrumentation of the siblings was not feasible. In the instrumented lambs, CSF 
was obtained at the end of the hypoxemic period. Normoxemic CSF samples were 
obtained from the siblings. Since the ewes were kept in an optimal ventilatory and 
circulatory condition until the end of the experiment, we assumed that the siblings were in 
a normoxemic (fetal) situation at the time of CSF sampling. The EAA concentrations in 
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the CSF of the siblings were considered to be similar to the normoxemic CSF EAA 
concentrations in the instrumented lambs, if normoxemic CSF could have been obtained 
in these lambs. Therefore we linked the CSF EAA concentrations of the siblings to the 
normoxemic ECBA values and CFM recordings of the instrumented lambs 243.  
CSF (1-2 mL) was obtained by punction of the cisterna magna in the ten 
instrumented hypoxemic lambs and in the six normoxemic (fetal) siblings. After anterior 
flexion of the neck, the needle was introduced through the foramen magnum at a point just 
below the nuchal ridge until the appearance of CSF. It was not always feasible to obtain 
CSF from both the instrumented hypoxemic lamb and from its sibling. 
Samples were immediately centrifuged (3000 rpm, 10 min.) in order to eliminate 
any cell contamination and frozen at –80°C until analysis.  
As almost all amino acids have a low concentration in CSF and the volume of the 
available samples was clearly restricted, a sensitive method was obligatory for this study. 
Furthermore rapid preparation of the aliquots was required as asparagine and glutamine 
are susceptible to non-enzymatic deamination to aspartate and glutamate, respectively.  
 Frozen aliquots of the extracellular fluid samples were unthawed and 
immediately deproteinized without dilution by ultrafiltration through Amicon Ultra-4 
devices with 10,000 Dalton membrane. The free amino acids were derivatized using  
Waters AccQ.Fluor reagent kit. Cysteic acid was used as internal standard. Separation of 
the derivatives of cysteic acid, aspartate, glutamate, asparagine and glutamine was 
achieved with Waters HPLC equipment provided with a RP8RP C18 column in a 30 min. 
program. Elution was started with a mixture of 91 (v/v)% eluent A (Waters kit) and 9 
(v/v)% of a 60 (v/v)% acetonitril solution in water. After 7 min. the ratio of the eluting 
mixture was changed to 86:14 %. Fluorimetric detection with excitation wavelength of 
250 and emission wavelength of 395 nm took place in a Waters 474 flow cell. 
Commercially available amino acid mixtures were used for quantification.  With this 
method amino acid concentrations as low as a few µmol/L CSF could be measured.  
 
Glucose and lactate 
Blood for glucose and lactate measurements was collected in special syringes and 
immediately centrifuged (3000 rpm, 10 min.). 500 µL Serum was frozen at -80 0C until 
analysis. Routine spectrophotometric laboratory tests (Cobras Mira automatic 
turbidimetry analyzer) were performed to determine glucose and lactate concentrations. 
 
Statistical analysis 
In the instrumented lambs, mean values were calculated for respectively MABP, Qcar, 
CaO2, cerebral O2-supply, cerebral O2-consumption and ECBA during the last three 
minutes of the normoxemic period and during the last three minutes of the hypoxemic 
period. These values were used for further analysis. ECBA was expressed as the mean of 
the left and right hemispheric ECBA.  
The data are expressed as median (range). Mann-Whitney U tests were used to 
compare normoxemic and hypoxemic physiological and biochemical variables. The 
relationship between respectively aspartate and glutamate and ECBA was assessed with 
regression analysis. Based on the shape of the pattern in the plots, linear and logarithmic 
analyses were used to calculate correlation coefficients. Kruskal-Wallis tests were used to 
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determine differences in CSF-EAA concentrations between lambs with different CFM 
patterns. P <0.05 was considered significant. 
Statistical analysis was performed with the SPSS statistical package (SPSS, 
version 12, Inc., Chicago, IL, USA).  
 
 
Results 
 
Aspartate and glutamate concentrations increased significantly (4.8 and 6.0 times, 
respectively) during prolonged hypoxemia, while asparagine and glutamine 
concentrations did not (Fig. 1). ECBA decreased to 30% of the normoxemic value during 
prolonged hypoxemia. ECBA had significant linear and logarithmic terms relative to 
aspartate (R2 0.64 and R2 0.53 respectively; p < 0.001) and glutamate (R2 0.73 and R2 0.83 
respectively; p < 0.001) (Fig. 2). 
 No statistically significant differences in birth weight and gender were observed 
between the instrumented lambs and the siblings. A total of ten CSF samples from the 
instrumented hypoxemic lambs and six CSF samples from their normoxemic siblings 
were analyzed for EAA concentrations. 
SaO2, pH, lactate, MABP, CaO2, cerebral O2-supply, and cerebral O2-
consumption values were significantly lower at the end of prolonged hypoxemia than 
during normoxemia (Table 1). PaCO2, Qcar and glucose concentration did not change 
significantly. 
 
Table 1. Median and range of physiological and biochemical variables during 
normoxemia and after prolonged hypoxemia.  
 Normoxemia 
N=6 
Hypoxemia 
N=10 
 
P* 
SaO2 (%) 98.6 (95.8-100.0) 12.1 (9.2-15.1) 0.000 
PaCO2 (kPa) 5.5 (4.0-6.5) 5.6 (3.7-6.6) NS 
pH 7.37 (7.33-7.46) 7.07 (6.74-7.15) 0.001 
Glucose (mmol/L) 2.6 (2.3-2.9) 2.9 (2.4-3.8) NS 
Lactate (mmol/L) 4.7 (2.2-9.5) 17.7 (10.3-23.7) 0.002 
Heart rate (bpm) 168 (132-214) 192 (136-224) NS 
MABP (mmHg) 63.7 (51.4-84.2) 35.1 (7.3-75.8) 0.007 
Qcar (mL/min) 34.4 (27.9-42.1) 42.3 (0.2-129.5) NS 
CaO2 (mL/dL) 14.2 (11.4-18.5) 1.5 (0.5-2.8) 0.000 
Cerebral O2-supply (mL/min) 4.9 (3.7-7.8) 0.6 (0.0-1.6) 0.000 
Cerebral O2-consumption 
(mL/min) 
1.1(0.4-2.4) 0.2 (0.0-0.6) 0.007 
* Mann-Whitney U test (hypoxemia compared to normoxemia) 
 
Representative examples of CFM recordings during normoxemic and prolonged 
hypoxemic conditions are presented in Fig. 3. Median (range) CFM bandwidth was 17.0 
(14.5-29.5) µV in normoxemic conditions. After prolonged hypoxemia, the CFM 
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Fig. 1.  Excitatory amino acid 
concentrations and electrocortical 
brain activity (ECBA) during 
normoxemia (n=6) and after 
prolonged hypoxemia (n=10). Values 
are shown in median levels (25th/75th 
box, total range). 
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bandwidth in the interburst or interseizure intervals was not calculated, since the tracings 
were nearly flat (<5µV). After prolonged hypoxemia, a flat tracing with or without a few 
bursts was observed in five lambs, a burst-suppression pattern was observed in the other 
five lambs. Kruskal-Wallis tests showed significant differences in aspartate and glutamate 
concentrations between lambs with different CFM patterns. The median glutamate 
concentration was significantly higher in lambs with a flat tracing than in lambs with a 
burst-suppression pattern (Mann-Whitney U test: p < 0.05; Fig. 4).  No statistically 
significant difference in aspartate concentrations was observed between the lambs with a 
flat tracing and lambs with a burst-suppression pattern.   
p=0.01 p=0.00
p=NS p=NS 
p=0.03
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Fig. 2.  Regression plots showing the relation between aspartate (left) and glutamate 
(right) concentrations in the cerebrospinal fluid and electrocortical brain activity 
(ECBA).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Representative cerebral 
function monitor (CFM) recordings: 
Normal voltage pattern during 
normoxemia (upper, left), and burst-
suppression pattern (upper, right) or 
flat tracing (lower) after prolonged 
hypoxemic conditions. Note that the 
recording speed is considerably 
higher than in the standard clinical 
CFM recordings 87. 
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Fig. 4 Aspartate and glutamate concentrations and cerebral function monitor (CFM) 
patterns before and after prolonged hypoxemia. Values are shown in median levels 
(25th/75th box, total range). 
 
 
Discussion 
 
We demonstrated in near-term lambs that during hypoxemia the suppression of ECBA 
was related to aspartate and glutamate concentrations in the CSF. The near-term newborn 
lamb was used as a model for human perinatal hypoxemia to study the effect of EAA 
release in the CSF, as measure of cerebral energy failure, and the suppression of ECBA, 
as measure of functional brain cell damage. To test the reversibility of functional brain 
cell damage after hypoxemia was beyond the scope of this study.  
This model was chosen because in the fetal lamb brain development in the last 
trimester of pregnancy is rather similar to that in the human fetus  181. Furthermore, the 
lamb model is applicable in fetal as well as neonatal studies and there is extensive 
experience with cerebral hemodynamic studies in this animal model 181;187. This model is 
suitable for studies on acute and subacute conditions and the size of a near-term lamb is 
adequate to test and monitor multiple organ systems 187.  
 Since sampling of CSF in the instrumented lambs during both normoxemia and 
hypoxemia was not feasible, we used CSF of the siblings for normoxemic values 243. The 
ewes were monitored continuously and were kept in an optimal ventilatory and circulatory 
condition and the umbilical cords of the siblings were not obstructed during the 
experiments. Therefore, we assumed an optimal cerebral oxygenation and circulation of 
the siblings. We did not expect elevated concentrations of EAAs due to brain cell damage 
under these physiological fetal conditions in the siblings. This was confirmed by the low 
concentrations of EAAs in the siblings. The umbilical cords of the instrumented lambs 
were clamped to mimic delivery. To our knowledge, the effect of delivery on the EAA 
concentrations is not known. However, we assume it to be negligible after a caesarian 
section, in particular after a stabilization period of three hours. 
Much controversy still exists regarding the anesthetic effect of ketamine on CBF, 
metabolic rate of oxygen and ECBA. However, the usage of an anesthetic agent is a 
prerequisite from an ethical point of view and moreover it prevents stress-induced 
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activation of the brain 31. Burrows et al. 29 demonstrated that in the presence of adequate 
ventilation, ketamine produces no significant cardiovascular effects in preterm lambs. An 
overall lack of depressant effect on the EEG has made ketamine a desirable agent for 
monitoring responses that are usually difficult to record under anesthesia (e.g. dermatomal 
evoked responses and transcranial MEP). Glutamate and aspartate concentrations were 
determined in the instrumented lambs and their siblings during anesthesia; both the 
instrumented lamb as the ewe received ketamine, and ketamine readily passes the 
placental barrier 45;54;201. The physiological and pathological effects of glutamate and 
aspartate in the central nervous system are mediated through interaction with specific cell 
membrane receptors, of which the N-methyl-D-aspartate (NMDA), kainate and alpha-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) subtypes are the best 
characterized 18;68;119;146;214. Ketamine is a noncompetitive NMDA receptor antagonists, in 
that it does not bind directly to the NMDA receptor. Rather, it binds to a receptor distinct 
from the NMDA receptor, but located within the ion channel, thereby interfering with the 
glutamate-induced Ca2+ influx 51;148. Since ketamine is used both in the instrumented 
lambs and in the siblings, we do not expect that the observed difference in glutamate 
concentrations between baseline conditions, as measured in the siblings, and conditions of 
reduced cerebral O2-supply in the instrumented lambs was influenced by ketamine. 
Furthermore, other groups have found similar baseline glutamate concentrations in 
microdialysate of (fetal) lambs and sheep 35;99;122;126.  
The length of 2.5 h. of hypoxemia in this study was chosen because it has been 
previously reported that excess glutamate release was not observed until 90 min. of 
hypoxemia in newborn rats 64;196;250. The increased extracellular glutamate concentration 
during hypoxia-ischemia in the neonatal period is a delayed event and associated with 
metabolic derangements. The energy availability from ATP and ADP declines to less than 
20% after 90 min. of hypoxemia. In a previous study we have indeed shown a significant 
reduction in energy content after 2.5 h. of severe hypoxemia, as demonstrated by an 
increased production of purine and pyrimidine metabolites 243. Cellular energy failure 
contributes to the extracellular accumulation of glutamate by an increased release from the 
pre-synaptic neuron as well as by a reduced re-uptake. Moreover, high extracellular 
concentrations of glutamate contribute to the excitotoxic death of neurons 190. We 
demonstrate in this study that the decline in brain cell function is significantly related to 
extracellular glutamate concentration.  
Aspartate is often bracketed together with glutamate as EAA. But the details of 
its mechanism in neurotransmission are by far less clear than for glutamate 144. Under 
ischemic conditions aspartate is released simultaneously with glutamate and GABA from 
the hippocampus 120;219 and concomitant re-uptake occurs during reperfusion in rats 219. 
Many protein complexes and transport processes in neurotransmission likely are identical 
for aspartate and glutamate. Gundersen et al. 70 demonstrated parallelism between storage 
and release of aspartate and glutamate from nerve endings in rat hippocampus.  
Hagberg et al. 78 as well as Gucuyener et al. 69 observed elevated CSF 
concentrations of aspartate and glutamate in asphyxiated newborn infants. Hagberg et al. 
75 also observed a significant increase in extracellular aspartate and glutamate 
concentrations in the cortex and striatum and a concomitant decline in somatosensory 
evoked potentials in severely asphyxiated fetal lambs with a mean gestational age of 133 
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days. In the present study we found a negative correlation between ECBA and the 
extracellular concentration of both aspartate and glutamate.  
In clinical practice, RMS values of the one-channel EEG tracing are not 
commonly used for evaluation of the neurological condition of the sick newborn infant. 
Recognition of specific CFM patterns is widely advocated 87. Flat tracings and burst-
suppression patterns in the immediate neonatal period are associated with a poor 
neurodevelopmental outcome 216. In our study, we observed higher extracellular glutamate 
concentrations in lambs with a flat CFM tracing than in lambs with a burst-suppression 
pattern.  
In conclusion, we have demonstrated that after prolonged hypoxemia aspartate 
and glutamate accumulate excessively in the CSF of near-term born lambs and that the 
magnitude of the release of these EAAs is related to the suppression of ECBA. 
Furthermore, lambs with a flat CFM tracing had significantly higher CSF-glutamate 
concentrations than lambs with a burst-suppression CFM pattern. 
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6 Cerebral oxygen supply thresholds for the preservation of electrocortical brain activity during hypotension in near-term born lambs 
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Abstract  
 
Background: The fetal brain develops rapidly during the last trimester of pregnancy. 
Therefore, the brain of infants born preterm is vulnerable to changes in oxygen and 
nutrient supply in the neonatal period. 
Aim: The objective was to determine the effect of gestational age (GA) on the cerebral 
O2-supply threshold level for preservation of brain function during hypotension in near-
term born lambs. 
Methods: Hereto, lambs were delivered at 141 d or 127 d of gestation. Hypotension was 
induced by stepwise withdrawal of blood.  
Results: Mean arterial blood pressure (MABP) baseline levels were 63.2 (6.4) in 141 d 
and 54.4 (15.5) mm Hg in 127 d lambs. The MABP threshold below which MABP and 
blood flow in the left carotid artery (Qcar) were linearly related was 36.1 (13.1) mm Hg in 
141 d lambs. In 127 d lambs, MABP and Qcar were linearly related over the whole range 
of recorded MABP values. Electrocortical brain activity (ECBA) was used as a measure 
of brain function. Thresholds of MABP for maintenance of ECBA were reached at 
respectively 31.6 (4.9) % of baseline in 141 d and 61.9 (13.0) % of baseline MABP in 127 
d lambs. However, thresholds of cerebral O2-supply for maintenance of ECBA were 
similar in both GA-groups. 
Conclusion: We conclude that thresholds of cerebral O2-supply for maintenance of brain 
cell function are independent of GA, but are reached at higher MABP levels in 127 d than 
in 141 d lambs, and places therefore the sick preterm infant easily at risk for ischemic 
cerebral injury. 
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Introduction 
 
Approximately two percent of all newborns in the Netherlands are born before 32 
completed weeks of gestation. Although mortality rates have decreased over the past 15 
years, long-term morbidity has not changed 73. Since the fetal brain develops very rapidly 
during the last trimester of pregnancy, the brain of infants born preterm is very vulnerable 
to changes in oxygen and nutrient supply in the neonatal period.  
Brain cells need a sufficient amount of oxygen for function, growth and 
development. Cerebral oxygen (O2) supply is determined by the arterial oxygen content 
(CaO2) and cerebral blood flow (CBF). If cerebral autoregulation is impaired, hypotension 
results in low CBF and leads therefore to decreases in cerebral O2-supply. When cerebral 
O2-supply becomes insufficient to meet the cellular demand for oxygen, a sequence of 
events will be triggered, eventually leading to neonatal brain cell dysfunction or damage.
 Electroencephalogram (EEG) features provide information on brain cell function 
175. Energy failure in the brain, e.g. due to reduced cerebral O2-supply during hemorrhagic 
hypotension, leads to a blockade of neuronal synaptic function and reduced electrical 
firing of neurons. A disadvantage of conventional EEG is that it requires the presence of 
an expert interpreting the large data volumes. In an effort to solve this problem, various 
methods of compressing the EEG signal have been developed, the Cerebral Function 
Monitor (CFM) being one of them. CFM correlates well with conventional multichannel 
EEG evaluation of cortical neuronal activity in neonates, except for the recognition of 
very short seizure activity patterns 2;66;86;104;209;217. Non-invasive recording of 
electrocortical brain activity (ECBA) by means of CFM-like signals can be used as a 
measure for brain cell function in the newborn period 175. Abnormal tracings are indicative 
for the risk of neonatal death and in the survivors to neurodevelopmental outcome 
2;34;53;211;216.   
Coupling between CBF and EEG features has been observed during sleep 80;106, 
seizures 22;105, electrical stimulation 6, and cerebral ischemia 81. But, thresholds of CBF 
and cerebral O2-supply below which electrical brain dysfunction occurs during 
hemorrhagic hypotension have not yet been defined in near-term born humans and 
animals. Therefore, the aim of this study was to determine the effect of gestational age 
(GA) on the cerebral O2-supply threshold level for the preservation of ECBA during 
hemorrhagic hypotension in near-term born lambs. Based on a previous study of near-
term born lambs under hypoxemic conditions, we hypothesized that the threshold level of 
cerebral O2-supply for the preservation of ECBA is equal in lambs of 141 and 127 days of 
gestation 245. 
 
 
Methods 
 
Animal preparation and instrumentation 
Pregnant ewes of Dutch Texel breed were operated upon at 141 (n=6) or 127 (n=6) days 
of gestation (term 147 days) under general anesthesia with 3% isoflurane. After a 
polyvinyl catheter was inserted into the ewe’s jugular vein, isoflurane anesthesia was 
replaced with infusion of 600 mg/h ketamine hydrochloride and 15 mg/h midazolam. The 
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pregnant horn of the uterus was exposed through a midline incision in the ewe’s abdomen, 
and a uterus incision was made over the fetal head.  
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not clamped yet. A polyvinyl catheter (outer diameter, 
(OD): 2.1 mm) was placed in the right brachial vein for administration of ketamine 
hydrochloride (10 mg/kg⋅h), glucose 5% (2 mL/kg⋅h) and antibiotics (amoxicillin and 
gentamicin). Furthermore, the right brachial artery (polyvinyl catheter, OD: 2.1 mm, with 
its catheter tip in the arcus aortae) and right jugular vein (polyvinyl catheter OD: 2.1 mm) 
were cannulated for measurement of the arterial blood pressure, and arterial and venous 
blood gas sampling. The venous catheter was inserted in the cranial direction of the right 
jugular vein to access the venous cerebral compartment in order to calculate the venous 
oxygen content (CvO2 ) 46;243;245. Mean arterial blood pressure (MABP) was measured 
with disposable transducers (Edwards Life Sciences BV, Los Angeles, USA). Arterial and 
venous blood gases were analyzed with a multiwavelength blood gas analyzer (ABL 510, 
Radiometer Medical A/S, Copenhagen, Denmark). Oxygen saturation values were 
corrected for interspecies differences according to Nijland et al. 153. 
After exposing the left carotid artery, we applied an appropriately sized 
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System Inc., New 
York, USA) to fit around the vessel in order to measure the carotid artery blood flow 
(Qcar). Changes in Qcar were used to assess changes in CBF. A close linear relationship 
between Qcar and CBF, determined with radioactive microspheres, was reported by Van 
Bel et al. 230.  
Cerebral O2-supply and cerebral O2-consumption were respectively calculated as 
follows: O2-supply (mL O2/min)= Qcar x CaO2; O2-consumption (mL O2/min)= Qcar x 
(CaO2-CvO2), with arterial (venous) oxygen content: Ca(v)O2 (mL O2/mL)= Sa(v)O2 x Hb 
(g/dL) x 1.36 (mL O2/g Hb)/100. 
Two disposable subdermal needle electrodes for EEG recordings (Oxford 
Instruments BV, Gorinchem, the Netherlands) were positioned on the parietal regions of 
the skull, and one electrode on the occipital region as a reference. Thus, a CFM recording 
was registered. Conventional CFM provides a semi-logarithmic amplitude distribution 
plot of a single channel EEG through amplification, bandpass filtering (2-16 Hz), 
compression, rectification and smoothing. The signal is then plotted at slow speed and is 
very well suited for visual evaluation 87. Although many authors have tried to express 
electrical activity derived from the CFM signal on a numerical scale, calculating means 
from a semi-logarithmical scale is, to our opinion, not a logical step in signal analysis. 
Therefore, from a signal analytical point of view, we have used a slightly different 
approach. We also used a 2-16 Hz band filtered one-channel EEG. But, we calculated the 
(three min.) mean of the squared signal (mean power). The result is presented as the root 
from this signal. ECBA is thus calculated as the Root Mean Square (RMS) value of a 
band filtered (2-16 Hz) one-channel EEG 243and is comparable with a voltage scale 245.  
 Experimental procedure 
After instrumentation, the lambs were intubated and ventilation was started using a 
continuous flow pressure controlled ventilator (Babylog 1 HF, Dräger, Lübeck, Germany). 
Surfactant (Survanta, Ross Laboratories, Columbus, OH, USA) was administered if 
necessary to achieve adequate ventilation and oxygenation with a FiO2 of 0.30. 
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When the lamb was in an optimal ventilatory (PaO2: 10-14 kPa, PaCO2: 4.5-6.0 
kPa, pH: 7.3-7.4, SaO2> 90%) and circulatory (MABP: 50-65 mm Hg) condition, we 
clamped the umbilical cord to mimic an extrauterine condition. The physiologic 
measurements (MABP, Qcar and ECBA) were recorded with a computer system and 
stored for further analysis (MIDAC, Biomedical Engineering Department, University 
Medical Center Nijmegen, Nijmegen, the Netherlands). 
After a stabilization period of three hours, baseline values were determined. To 
obtain graded hypotension, blood was withdrawn in a stepwise manner. Per step, 
approximately 25 mL/kg were removed in order to reach a 5-10 mm Hg MABP reduction. 
Each level was maintained for 15 minutes, at the end of which arterial and venous blood 
gases were determined.  
 Statistical analysis 
Over the last three minutes of each MABP level, mean values were calculated for each 
variable. The mean of the left and right hemispheric ECBA was used for further analysis.  
Differences in baseline values of MABP, Qcar, CaO2, O2-supply, O2-
consumption, ECBA and threshold levels between the GA-groups were assessed with 
Mann-Whitney U tests. 
The "best" prediction of a continuous dependent variable for any value of a 
continuous independent variable will be a line that minimizes the distance between the 
data and the fitted line. The standard method to approach the "best" prediction is called 
least squares regression. When this method is used to fit a regression line, the sum of the 
squares of the vertical distances (residuals) of the observations from the line is minimized. 
Each distance is the difference for an individual between the observed value and the value 
given by the line, known as the fitted value 4. Therefore, the threshold values of the 
physiological variables (MABP, Qcar, cerebral O2-supply) were determined in the 
individual lambs by repetitively fitting a regression model of two straight lines through 
the data above and below a testpoint. The threshold was defined as the testpoint where the 
total residual sum of squares from the two fitted lines was minimal 237;245. 
Statistical analyses were performed with the SPSS statistical package (version 
10.0, SPSS Inc., Chicago, IL, USA).  
The study was approved by the Institutional Animal Care and Use Committee of 
the University of Nijmegen before implementation 
 
 
Results 
 
During the experiments, the animals were kept in optimal ventilatory condition. Mean 
(SD) blood gas values of the individual lambs during the length of the experiments were: 
PaO2 11.4 (5.7) kPa, PaCO2 5.4 (1.2) kPa, pH 7.33 (0.1) and SaO2 90.9 (5.9) %. The mean 
(SD) hemoglobin level decreased during the experiments from 10.9 (3.1) g/dL to 7.3 (3.0) 
g/dL. Table 1 presents mean (SD) baseline values of the physiological variables (MABP, 
Qcar, CaO2, cerebral O2-supply, cerebral O2-consumption and ECBA) in 141 d and 127 d 
lambs.  
To determine whether pooling of the data may have obscured evidence of 
threshold-like relationships between MABP and Qcar, data from the individual lambs in 
Chapter 6 - Hypotension 
 
70
the two GA-groups are shown in Fig. 1. In the 141 d lambs, all except one lamb (filled 
triangles) did have a threshold-like relationship between MABP and Qcar. In one lamb 
(filled squares) we were unable to obtain MABP levels <30 mm Hg. The mean (SD) 
MABP threshold for maintenance of Qcar was 36.1 (13.1) mm Hg in the remaining 141 d 
lambs. In the 127 d lambs, we observed a linear relationship between Qcar and MABP in 
all lambs.  
 
Table 1. Mean (SD) baseline values of MABP, Qcar, CaO2, cerebral O2-supply, cerebral 
O2-consumption and ECBA in 141 d and 127 d lambs. 
 141 d, N=6 127 d, N=6 
MABP 63.2 (6.4) 54.4 (15.5) 
Qcar (mL/min) 29.0 (11.1) 24.1 (10.2) 
CaO2 (mL O2/dL) 12.4 (4.0) 16.7 (3.7) 
O2-supply (mL/min) 4.1 (2.4) 3.7 (1.1) 
O2-consumption (mL/min) 0.75 (0.31) 1.07 (0.33) 
ECBA (µV) 13.3 (4.9) 7.6 (3.0)* 
*p<0.05:  Mann-Whitney U test, 141 d vs. 127 d 
 
The relationship between MABP and ECBA in the 141 d and 127 d lambs is 
presented in Fig. 2. Mean (SD) thresholds of MABP below which ECBA decreased were 
significantly (p<0.05) different between the GA-groups; 20.3 (4.1) and 31.8 (9.2) mm Hg 
in respectively 141 d and 127 d lambs. The threshold levels corresponded with 31.6 
(4.9)% of baseline MABP in the 141 d lambs and 61.9 (13.0)% of baseline MABP in the 
127 d lambs. In other words, threshold levels of MABP to preserve ECBA were reached 
when MABP decreased 68.4% and 38.1% of baseline in respectively the 141 d lambs and 
the 127 d lambs.  
The relationship between Qcar and ECBA in the 141 d and 127 d lambs is 
presented in Fig. 3. Mean (SD) thresholds of Qcar below which ECBA decreased were 
not statistically different between the GA-groups: the overall threshold level in all lambs 
was 10.7 (4.7) mL/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The relationship between MABP and Qcar 141 d (left) and 127 d (right) lambs. 
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Fig. 4 depicts the relationship between cerebral O2-supply and ECBA. Mean 
(SD) thresholds of cerebral O2-supply below which ECBA decreased were not statistically 
different between the GA-groups: the overall threshold level in all lambs was 1.09 (0.46) 
mL O2/min. 
No clear relationship was observed between cerebral O2-consumption and ECBA 
in both GA-groups. 
Fig. 4. The relationship between 
cerebral O2-supply and ECBA in the 
141 d (open circles) and 127 d 
(closed circles) lambs.  
 
 
Fig. 3. The relationship between 
Qcar and ECBA in 141 d (open 
circles) and 127 d (closed circles) 
lambs. 
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Fig. 2. The relationship between 
MABP and ECBA in 141 d (open 
circles) and 127 d (closed circles) 
lambs. 
 
0 2 4 6 8
O2-supply (mL/min)
0
5
10
15
20
25
EC
B
A 
(µ
V)
Chapter 6 - Hypotension 
 
72
Discussion 
 
During hemorrhagic hypotension, thresholds of CBF and cerebral O2-supply to preserve 
brain cell function did not differ between 141 d and 127 d lambs.  
We used near-term newborn lambs to study the effect of reduced cerebral O2-
supply following hemorrhagic hypotension on electrical brain cell function. The newborn 
lamb model was chosen because brain development in fetal lambs in the last trimester of 
pregnancy is rather similar to that in the human fetus 181. Furthermore, there is extensive 
experience with cerebral hemodynamic studies in this animal model 181. However, when 
extrapolating the results from this study to the human situation, one must realize that this 
model not fully mimics the complex pathology of hypotension in the human preterm 
infant. 
In humans, a large(r) proportion of CBF is derived from the vertebral arteries, 
whereas in the sheep, flow is provided largely by the carotid arteries 14. The design of the 
study did not allow the use of microspheres in order to determine CBF. However, Qcar 
measured with a flow probe applied on the carotid artery provides an accurate prediction 
of CBF, as determined with radioactive microspheres 65;142;230.  
Although this study was not designed to test the autoregulatory capacities of 
near-term born lambs, a striking finding was that in all 127 d lambs a linear relationship 
between MABP and CBF was found, whereas in the 141 d lambs CBF was preserved over 
a (wide) range of MABP-values. Although this linear relationship between MABP and 
Qcar in the 127 d lambs is probably due to impaired autoregulation, the possibility that 
this relationship is the result of insufficient cardiac output cannot be ruled out.  
In sick preterm infants, low MABP during hemorrhagic hypotension might lead 
to impaired CBF and subsequent reduction of cerebral O2-supply. A number of studies 
reported autoregulation of the CBF in a lamb model. The MABP values corresponding to 
the lower limit of the autoregulatory plateau in these studies were reported to range 
between 30-45 mm Hg for preterm and near-term fetal lambs 10;149;203;224;227, which is in 
accordance with the threshold value of MABP for maintenance of CBF that we  observed 
in the 141 d born lambs. Although those studies were conducted earlier in gestation, they 
were performed in animals in an intrauterine situation and not exposed to birth stress. 
Birth stress may have abolished cerebral autoregulation during hemorrhagic hypotension 
in the 127 d lambs in our study. This observation is supported by the observed failure of 
cerebral autoregulation in some studies in preterm born humans 162;172. However, Tsuji et 
al. 222 showed evidence of impaired autoregulation only in a subgroup of preterm babies 
that are at risk to develop germinal matrix-intraventricular hemorrhage and periventricular 
leukomalacia, whereas Tuszczuk et al. 226 observed that CBF, as measured with near-
infrared spectroscopy, was maintained across a wide range of MABP (23.7-39.3 mmHg) 
in preterm infants of less than 34 weeks of gestation. Kissack et al. 101 demonstrated no 
relationship between the fractional oxygen extraction and MABP in preterm infants <32 
weeks of gestation.  
The threshold value of MABP for preservation of brain cell function was lower in 
the 141 d born lambs (20.3 mmHg) than in 127 d born lambs (31.8 mm Hg), while 
baseline MABP levels were higher in the 141 d born lambs (63.2 mm Hg) than in the 127 
d born lambs (54.4 mm Hg). Thus, the MABP range (between baseline and threshold 
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values) in which the brain is not at risk for functional damage due to insufficient perfusion 
was much broader in 141 d born lambs than in 127 d born lambs. In the 141 d lambs, 
MABP decreased 68.4% of baseline before the critical threshold was reached, whereas in 
the 127 d lambs, MABP could only decreased 38.1% of baseline until the threshold was 
reached. 
Brain cell function was preserved at MABP levels below the threshold value for 
maintenance of Qcar in the 141 d lambs. The same phenomenon was also shown in 
newborn lambs by Van de Bor et al. 237. Below the threshold value of MABP for 
maintenance of CBF, oxygen extraction increases when CBF falls in order to preserve the 
amount of oxygen available for electrical firing of the neurons 67. This could explain the 
difference between the threshold MABP value for maintenance of CBF and the threshold 
MABP value for preservation of ECBA found in our study.  
Low blood pressure, a common problem in the care for human preterm infants, 
usually arises from the interplay of ductal shunting, high or low vascular resistance, poor 
myocardial function and interaction with positive pressure ventilation, not only from 
blood or fluid loss 262. However, in the present study, hypotension was induced by 
withdrawal of blood. Laudignon et al. 117 observed in the newborn piglet a similar curve in 
the relationship between CBF and MABP in the newborn piglet, when a balloon catheter 
was inflated in the aortic root of the aorta to induce hypotension. 
As a result of the withdrawal of blood, hypotension was accompanied by anemia. 
The observed reduction in CBF after the induction of hemorrhagic hypotension may have 
been less pronounced because of the induced anemia for two reasons. A low hemoglobin 
concentration is accompanied by a low CaO2 and low blood viscosity, which both reduce 
cerebral vascular resistance and therefore increase CBF 92;98;245. However, O’Neill et al. 156 
showed that the CBF response to hemorrhagic hypotension was not dependent on a 
change in hematocrit and, presumably, viscosity. Therefore, we assume that anemia has 
not disturbed cerebral regulation of CBF in our study. 
Non-invasive recording of ECBA can be used as a measure of brain cell function 
175.  Low cerebral ECBA within hours after birth appears to be related to neuronal damage 
71, but also to neonatal death and to impaired neurodevelopmental outcome 174;197;216. 
Mean baseline values of ECBA differed significantly between the 141 d and the 127 d 
born lambs. This is probably due to the differences in cortical thickness and number of 
synapses between lambs of different GA’s. Thornberg and Thiringer 212 and Viniker et al. 
257 also observed an increase in voltage with increasing GA. They contributed the change 
to the gradual increase in electrical activity during suppression periods in the "trace-
alternant" pattern of the neonatal EEG. 
Some controversy exists regarding the effect of ketamine on CBF, metabolic rate 
of oxygen and EEG. However, the usage of an anesthetic agent is a prerequisite from an 
ethical point of view and moreover it prevents stress-induced activation of the brain 31. 
The use of low-dose ketamine (2 mg/kg) in lambs 29 and pigs 1 did not have any 
cardiovascular or cerebrovascular effect.  
We conclude that despite similar thresholds of cerebral O2-supply for the 
preservation of brain cell function, the 127 d born lambs are more at risk for cerebral 
oxygen and nutrient supply disturbances due to low MABP than the 141 d born lambs are. 
This phenomenon is caused by the fact that the MABP threshold values for the 
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preservation of cerebral O2- supply and therefore brain cell function are higher in the 127 d 
than in the 141 d lambs. Since reference values for MABP in newborn infants indicate 
lower MABP values for preterm infants 200;255, one should be concerned whether 
maintenance of MABP in the recommended reference range might place the sick preterm 
infant easily at risk for brain cell damage due to inadequate cerebral perfusion and 
therefore inadequate cerebral O2-supply. Further study is needed in order to define the 
safe MABP range for preterm infants to minimize the risk for either cerebral 
hypoperfusion or hyperperfusion. 
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7 Cerebral oxygen supply during hypotension in near-term lambs: a near-infrared spectroscopy study  
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Abstract 
 
Background: Sufficient O2-supply to the brain is necessary for an adequate cerebral 
energy metabolism, function and growth. 
Aim: To elucidate the relation between changes in respectively mean arterial blood 
pressure (MABP) and cerebral O2-supply and changes in the oxygenation state of 
hemoglobin during hypotension in near-term born lambs 
Methods: Lambs were delivered at 141 days (n=7) or 127 days (n=7) of gestation. 
Hypotension was induced by stepwise withdrawal of blood. Cerebral arterial blood gases 
were analyzed at the end of each level to calculate cerebral O2-supply. Near-infrared 
spectroscopy was used to measure changes in the concentration of cerebral 
oxyhemoglobin (cO2Hb), deoxyhemoglobin (cHHb) and cHbD (the difference between 
cO2Hb and cHHb). 
Results: In the 141 and the 127 d lambs, changes in MABP and cerebral O2-supply were 
positively linearly related with ∆cO2Hb, and negatively with ∆cHHb. MABP was 
positively linearly related with changes in cHbD. 
Conclusion: During hemorrhagic hypotension, changes in MABP and cerebral O2-supply 
are reflected by changes in the oxygenation state of cerebral hemoglobin in near-term 
born lambs. 
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Introduction 
 
Disturbances in cerebral oxygenation occur frequently in distressed preterm infants. 
Cerebral O2-supply is determined by the arterial oxygen content (CaO2) and cerebral 
blood flow (CBF). Autoregulation of the CBF is important in protecting the brain from 
insufficient O2-supply during hypotension. The autoregulatory capacities depend on 
gestational age 203;254 and on the level of arterial oxygenation 127;224. If cerebral 
autoregulation is impaired, hypotension results in low CBF and therefore leads to a 
reduced cerebral O2-supply. The normal functioning of the brain inevitably depends on 
adequate oxygen and glucose supply. When cerebral O2-supply becomes insufficient to 
meet the cellular demand for oxygen, a sequence of events will be triggered, eventually 
leading to functional disturbance of the neonatal brain or brain cell damage. Hypotension 
in preterm neonates has been associated with an increased mortality rate and in survivors 
with a poor neurological outcome 13;145;204;267. 
Early detection of insufficient cerebral O2-supply during hypotension may offer 
the possibility of therapeutic intervention to prevent brain injury 12;180;249. For reliable 
measurement of cerebral O2-supply in the sick preterm newborn infant, the 
instrumentation should preferably be non-invasive, be adaptable to the bedside, not 
interfere with patient care, and give continuous rapid information 25;42.  
Near-infrared spectrophotometry (NIRS) provides a continuous non-invasive 
method of measuring oxygenation changes of hemoglobin (Hb) in tissue. The light source 
emits light in the near-infrared range (700 nm to 900 nm), which illuminates the tissue. 
Unlike visible light, near-infrared light penetrates with relative ease most human tissues 
including the brain. Within the brain, near-infrared light is absorbed by chromophores 
such as Hb. Light absorption by Hb depends on its oxygenation state. Therefore, the 
technique enables assessment of changes in the concentration of cerebral oxyhemoglobin 
(cO2Hb) and deoxyhemoglobin (cHHb) 96. Since Hb is the carrier of oxygen, changes in 
cO2Hb and cHHb (∆cO2Hb and ∆cHHb), as measured by NIRS, theoretically reflect 
changes in cerebral O2-supply. Mean arterial blood pressure (MABP) and CBF have been 
shown to correlate with cHbD (calculated as the difference between cO2Hb and cHHb) 
176;220. 
Previously, the critical cerebral O2-supply level was invasively determined 
during prolonged hypotension in near-term lambs 247. Furthermore, we found that NIRS 
can be used as a non-invasive tool to assess changes in cerebral O2-supply and can provide 
threshold values of ∆cO2Hb and ∆cHHb for brain cell function during hypoxemia in near-
term lambs 246. The aim of the present study was to elucidate the relation between changes 
in respectively MABP and cerebral O2-supply and changes in the oxygenation state of 
hemoglobin during hypotension in near-term born lambs.    
   
 
Methods 
 
The study was approved by the Institutional Animal Care and Use Committee of the 
Radboud University Nijmegen before implementation 
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Animal preparation and instrumentation 
Pregnant ewes of Dutch Texel breed were operated upon at 141 (n=7) or 127 (n=7) days 
of gestation (term 147 days) under general anesthesia with 3% isoflurane. After a 
polyvinyl catheter was inserted into the ewe’s jugular vein, isoflurane anesthesia was 
replaced with infusion of 600 mg/h ketamine hydrochloride and 15 mg/h midazolam. The 
pregnant horn of the uterus was exposed through a midline incision in the ewe’s abdomen, 
and a uterus incision was made over the fetal head.  
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not clamped yet. A polyvinyl catheter (outer diameter, 
(OD): 2.1 mm) was placed in the right brachial vein for administration of ketamine 
hydrochloride (10 mg/kg⋅h), glucose 5% (2 mL/kg⋅h) and antibiotics (amoxicillin and 
gentamicin). Furthermore, the right brachial artery (polyvinyl catheter, OD: 2.1 mm, with 
its catheter tip in the arcus aortae) and right jugular vein (polyurethane catheter, OD: 0.9 
mm) were cannulated for measurement of the arterial blood pressure, and arterial and 
venous blood gas sampling. The venous catheter was inserted in the cranial direction of 
the right jugular vein to access the venous cerebral compartment. MABP was measured 
with disposable transducers (Edwards Life Sciences BV, Los Angeles, USA). Arterial and 
venous blood gases were analyzed with a multiwavelength blood gas analyzer (ABL 510, 
Radiometer Medical A/S, Copenhagen, Denmark). Oxygen saturation values were 
corrected for interspecies differences according to Nijland et al. 153. 
After exposing the left carotid artery, we applied an appropriately sized 
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System Inc., New 
York, USA) to fit around the vessel in order to measure the carotid artery blood flow 
(Qcar). Changes in Qcar were used to assess changes in CBF. A close linear relationship 
between Qcar and CBF, determined with radioactive microspheres, was reported by Van 
Bel et al. 230.  
Cerebral O2-supply and cerebral O2-consumption were respectively calculated as 
follows: 
O2-supply (mL O2/min)= Qcar x CaO2,  
O2-consumption (mL O2/min)= Qcar x (CaO2-CvO2),  
with arterial (venous) oxygen content:  
Ca(v)O2 (mL O2/mL)= Sa(v)O2 x Hb (g/dL) x 1.36 (mL O2/g Hb)/100. 
The NIRS-equipment (Oxymon) used was produced by the Biomedical 
Engineering Department of the University Medical Center Nijmegen 242. Laser diodes 
produced light at three wavelengths (905, 845, and 770 nm), which was transmitted 
through the skull at the left parietal region by a three branch fiberoptic bundle. The 
receiving bundle was placed in the opposite region of the skull. After absorption by the 
chromophores in the brain, the remaining transmitted light was guided through the 
receiving bundle and the intensity of the transmitted light was detected by a gated 
photodiode. A differential path-length factor of 4.55 was used for calculations 134. 
Absorption at the three wavelengths was continuously sampled at a rate of 10 Hz. 
∆cO2Hb, ∆cHHb, ∆cHbD and changes in total hemoglobin (∆ctHb, defined as the sum of 
∆cO2Hb and ∆cHHb) were calculated from changes in absorption of near-infrared light at 
these three wavelengths using the modified Keele 269conversion matrix based on known 
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absorption coefficients of the chromophores for a modification of the Lambert Beer law 
213.  
The physiologic parameters (MABP, Qcar, ∆cO2Hb, and ∆cHHb) were 
continuously recorded with a computer system and stored for further analysis (MIDAC, 
Biomedical Engineering Department, Radboud University Medical Center Nijmegen, the 
Netherlands). 
 
Experimental procedure 
After instrumentation, the lambs were intubated and ventilation was started using a 
continuous flow pressure controlled ventilator (Babylog 1 HF, Dräger, Lübeck, Germany). 
When the lamb was in an optimal ventilatory (PaO2: 10-14 kPa, PaCO2: 4.5-6.0 kPa, pH: 
7.3-7.4) and circulatory (MABP: 50-65 mm Hg) condition, the umbilical cord was 
clamped to mimic an extrauterine condition. Surfactant (Survanta, Ross Laboratories, 
Columbus, OH, USA) was administered if necessary to achieve adequate ventilation and 
oxygenation with a FiO2 of 0.30. 
After a stabilization period of three hours, baseline values were determined. In 
order to obtain graded hypotension, blood was withdrawn in a stepwise manner. 
Approximately 25 mL/kg was removed per step to reach a 5-10 mm Hg MABP reduction. 
Each level was maintained for 15 minutes, at the end of which arterial and venous blood 
gases were determined for calculation of cerebral O2-supply and -consumption.  
 
Statistical analysis 
Over the last three minutes of each level of MABP, mean values were calculated for each 
variable (MABP, Qcar, cerebral O2-supply, cerebral O2-consumption, blood hemoglobin 
concentration, ∆cO2Hb, ∆cHHb, ∆cHbD, and ∆ctHb)  
The values of these variables at the different levels of hypotension (reduced 
MABP levels) were compared to the values obtained at baseline with Mann-Whitney U 
tests. Linear regression analyses and Spearman correlation analyses were used to test the 
relationships between the variables. 
Statistical analyses were performed with the SPSS statistical package (version 
12.0, SPSS Inc., Chicago, IL, USA).  
 
 
Results 
 
During the experiments, the animals were kept in an optimal ventilatory condition. Mean 
(SEM) blood gas values of the individual lambs during the length of the experiments 
were: PaO2 10.9 (1) kPa, PaCO2 5.6 (0) kPa, pH 7.31 (0) and SaO2 90.1 (2) %.  
Mean (SEM) values of MABP, Qcar, cerebral O2-supply, cerebral O2-
consumption, blood hemoglobin concentration, ∆cO2Hb, ∆cHHb, ∆cHbD and ∆ctHb 
during baseline conditions and at the various levels of hypotension are presented per 
gestational age (GA) group in Table 1. During hypotension, Qcar and cerebral O2-supply 
decreased significantly in both GA groups when MABP was reduced to levels below 45 
mm Hg, whereas cerebral O2-consumption decreased when MABP fell below 30 mm Hg. 
Blood hemoglobin concentrations decreased significantly when MABP reached values 
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below 30 mm Hg in the 141 d lambs, and below 45 mm Hg in the 127 d lambs. In the 141 
d lambs, ∆cO2Hb and ∆cHbD decreased significantly when MABP had been reduced 
below 45 mm Hg; ∆ctHb decreased significantly when MABP had only been reduced 
slightly (>45 mm Hg). In the 141 d lambs, ∆cHHb did not change significantly during 
hypotension. In the 127 d lambs, ∆cO2Hb, ∆cHbD, and ∆ctHb decreased and ∆cHHb 
increased significantly when MABP had only been reduced slightly (>45 mm Hg).   
 
Table 1. Mean (SEM) arterial blood pressure (MABP), carotid artery blood flow (Qcar), 
cerebral oxygen supply (O2-supply), cerebral oxygen consumption (O2-consumption), 
blood hemoglobin concentration (Hb), ∆cO2Hb, ∆cHHb, ∆cHbD, and ∆ctHb during 
baseline conditions and at various levels of hypotension in near-term born lambs. 
  Baseline MABP  (mm Hg)  
 Age  
141: n=7 
127: n=7 
>45   
141: n=20 
127: n=20 
30-45  
141: n=19 
127: n=19 
<30 
141: n=18 
127: n=17 
141 64 (4) 54 (2) * 37 (1) ‡ 20 (1) ‡ MABP (mm Hg) 
127 57 (5) 53 (1) 37 (1) ‡ 23 (1) ‡ 
141 31 (4) 27 (3) 21 (2) * 10 (2) ‡ Qcar (mL/min) 
127 28 (5) 19 (1) 17 (4) * 11 (2) † 
141 4.5 (1) 3.1 (0) 1.9 (0) † 0.5 (0) ‡ O2-supply (mL/min) 
127 3.5 (0) 2.5 (0) 1.4 (0) ‡ 0.8 (0) ‡ 
141 0.9 (0) 0.8 (0) 1.0 (0) 0.4 (0) * O2-consumption 
(mL/min) 127 0.9 (0) 0.7 (0) 0.6 (0) 0.4 (0) * 
141 10.0 (1) 8.6 (1) 8.3 (1) 5.2 (0) ‡ Hb (g/dL) 
127 11.6 (1) 10.5 (0) 9.8 (1) * 9.8 (1) * 
141 NA -0.8 (1)  -2.9 (2) ‡ -2.5 (2) ‡ ∆cO2Hb (µmol/100 g) 
127 NA -1.1 (1) † -2.4 (2) † -2.9 (2) ‡ 
141 NA 0.1 (0) 0.2 (1) 0.7 (1) ∆cHHb (µmol/100 g) 
127 NA 0.3 (0) * 1.2 (1) ‡ 2.2 (2) ‡ 
141 NA -1.1 (0) -2.6 (1) † -3.2 (1) ‡ ∆cHbD (µmol/100 g) 
127 NA -1.9 (0) ‡ -3.6 (1) ‡ -5.0 (1) ‡ 
141 NA -0.6 (1) ** -2.2 (2) ‡ -1.7 (1) ‡ ∆ctHb (µmol/100 g) 
127 NA -1.2 (1) ‡ -1.1 (1) ** -0.7 (1) 
NA: not available. Mann-Whitney U test, as compared to baseline:  * p<0.05; ** p<0.01; 
†p<0.005; ‡p<0.001 
 
The relationships between ∆MABP and respectively ∆cO2Hb and ∆cHHb are 
presented in Figs. 1 and 2. Linear regression analysis showed that ∆MABP had 
statistically significant positive linear relationships with ∆cO2Hb (141 d R2: 0.41, 
p<0.001; 127 d R2: 0.84, p<0.001) and significant negative linear relationships with 
∆cHHb (141 d R2: 0.09, p<0.05; 127 d R2: 0.48, p< 0.001). The relationships between 
∆cerebral O2-supply and respectively ∆cO2Hb and ∆cHHb are presented in Figs. 3 and 4. 
∆Cerebral O2-supply had statistically significant positive linear relationships with ∆cO2Hb 
(141 d R2: 0.92, p<0.001; 127 d R2: 0.66, p<0.001) and significant negative linear 
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relationships with ∆cHHb (141 d R2: 0.20, p<0.001; 127 d R2: 0.40, p< 0.001). The 
figures indicate that the relations of ∆MABP and ∆cerebral O2-supply were stronger with 
∆cO2Hb than with ∆cHHb. Furthermore, the relationship between ∆MABP and 
respectively ∆cO2Hb and ∆cHHb were stronger in the 127 d lambs than in the 141 d 
lambs. Fig. 5 shows the relationship between MABP and ∆cHbD. MABP and ∆cHbD are 
significantly linearly related in the 141 (R2: 0.14, p<0.001) and the 127 (R2:0.35, p<0.001) 
d lambs. The relationship seems threshold-like shaped in the 141 d lambs. Qcar was 
correlated significantly (p<0.05) to ∆cHbD and ∆ctHb in the 141 d (∆cHbD, r:0.66; ∆ctHb 
r:0.64) and in the 127 d (∆cHbD r:0.66; ∆ctHb r:0.30) d lambs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The relationship between ∆MABP and ∆cO2Hb  in the 141 d (left) and the 127 d 
(right) lambs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The relationship between ∆MABP and ∆cHHb in the 141 d (left) and the 127 d 
(right) lambs. 
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Fig. 3. The relationship between ∆cerebral O2-supply and ∆cO2Hb in the 141 d (left) and 
the 127 d (right) lambs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The relationship between ∆cerebral O2-supply and ∆cHHb in the 141 d (left) and 
the 127 d (right) lambs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The relationship between MABP and ∆cHbD in the 141 d (left) and the 127 d 
(right) lambs. 
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Discussion 
 
Low blood pressure, a common problem in high risk newborn infants, may arise from 
blood or fluid loss, vasodilatation due to infection, respiratory distress syndrome (the most 
notable lung disease of preterm infants who lack sufficient lung surfactant), or through 
medication administered to the mother 182. Severe hypotension leads to cerebral 
hypoperfusion resulting in insufficient cerebral oxygenation, which can cause brain 
damage. Periventricular-intraventricular hemorrhage and periventricular leukomalacia 
have been attributed to excessive and insufficient CBF, respectively 133;261. Furthermore, 
an association between blood pressure disturbances and periventricular-intraventricular 
hemorrhage has been observed 13;204;238. Miall-Allen et al. 145 showed in preterm infants 
(GA <31 wks) that a MABP of <30 mm Hg for over an hour was significantly associated 
with severe periventricular-intraventricular hemorrhage, ischemic cerebral lesions or death 
within 48 hours. Continuous monitoring of cerebral oxygenation might enable early 
intervention in order to prevent brain injury due to hypotension.  
In the present study, hypotension was induced by withdrawal of blood. As a 
result of the withdrawal of blood, hypotension was accompanied by mild anemia. 
Possibly, the observed decreases in CBF after the induction of hypotension were less 
pronounced because of the induced anemia for two reasons: decreased CaO2 and 
decreased blood viscosity. Both may reduce cerebral vascular resistance and therefore 
increase CBF 92;98;245. However, O’Neill et al. 156 showed that the CBF response to 
hemorrhagic hypotension was not dependent on a change in hematocrit and, presumably, 
viscosity. Therefore, we assume that the mild anemia has not disturbed the regulation of 
CBF in our study. 
NIRS was used to measure changes in brain oxygenation relative to the 
normotensive situation. ∆cO2Hb and ∆cHHb were related stronger to ∆MABP in the 127 
d lambs than in the 141 d lambs. This might be related to insufficient autoregulatory 
capacities of the 127 d lambs; the cerebral oxygenation follows passively the changes in 
MABP. This was further supported by the observation that the relationship between 
MABP and ∆cHbD was linear in the 127 d lambs, while this was not the case in the 141 d 
lambs. Other groups presented strong relationships between HbD and CBF 176;220 or 
MABP 220;222. In contrast to ∆cHbD, ∆ctHb decreased inconsistently with MABP and CBF 
in the present study. Small and inconsistent decreases in tHb and a poor relation with CBF 
were also found when hypotension was decreased by partial occlusion of the ascending 
aorta by Tsuji et al. 220. Their suggestion that the HbD signal is more sensitive to changes 
in CBF than the tHb signal is supported by the results of the present study.  
∆cO2Hb and ∆cHHb appeared to be linearly related to ∆cerebral O2-supply in 
both GA-groups, indicating that NIRS provides a non-invasive tool to measure changes in 
cerebral O2-supply during hypotension in preterm born lambs. Especially ∆cO2Hb showed 
a strong relation with ∆cerebral O2-supply. Our results were in accordance with the study 
by Cooper et al. 36, which observed a linear relationship between cerebral O2-supply 
(defined as the product of arterial O2-saturation and CBF) and cerebral cO2Hb during 
hypotension in three rats. Brazy et al. 25 concluded that ∆cO2Hb correlated significantly 
with transcutaneous measured oxygen (r=0.44, p<0.0001) in three preterm infants.  
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In a previous study, we observed that NIRS can be used as a non-invasive tool to 
monitor reliably O2-supply to the brain during hypoxemia 246. In the present study we 
confirmed this relationship during hypotension. Previously, the minimally required 
cerebral O2-supply necessary to maintain brain cell function during hypotension appeared 
to be 1.09 mL O2/min in lambs of 141 and 127 d gestation 247. This corresponds to a 
decrease from baseline cerebral O2-supply of approximately 3.0 mL/min in 141 d lambs 
and 2.6 mL/min in the 127 d lambs. In the present study, we deduct from the figures that a 
∆cerebral O2-supply of 3.0 mL/min and 2.6 mL/min in respectively 141 and 127 d lambs, 
corresponds approximately with decreases in cO2Hb of respectively 2.5 µmol/100 g and 
3.0 µmol/100 during hypotension. Strikingly, a comparable decrease in cO2Hb (3.0±0.9 
µmol/100g) also resulted in a decrease in brain cell function during prolonged hypoxemia 
in 133 d lambs 246. 
We conclude that NIRS can be used as a non-invasive tool to monitor O2-supply 
to the brain during prolonged hypotension in the near-term lamb. When NIRS could 
provide quantitative measurements of oxygenation, non-invasive early detection of critical 
levels of cerebral oxygenation during hypotension would certainly be conceivable.  
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8 Purine and pyrimidine metabolism and electrocortical brain activity during hypotension in near-term lambs 
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Abstract 
 
Background: Insufficient cerebral O2-supply leads to cellular energy failure and loss of 
brain cell function. The relationship between the severity of cellular energy failure due to 
hemorrhagic hypotension and the loss of electrocortical brain activity (ECBA), as measure 
of brain cell function, is not yet fully elucidated in near-term born lambs. 
Aim: To study the relationship between cerebral purine and pyrimidine metabolism, as 
measure of brain cell energy failure, and brain cell function after hemorrhagic 
hypotension in near-term born lambs. 
Methods: Eight near-term lambs (term: 147 d) were delivered at 131 days of gestation. 
After a stabilization period, mean arterial blood pressure was reduced until 30% of 
baseline by withdrawal of blood. At the end of the hypotensive period (2.5 h.) 
cerebrospinal fluid (CSF) was obtained. CSF from 8 siblings was used for comparison. 
HPLC was used to determine purine and pyrimidine metabolites in CSF, as measure of 
cellular energy failure. ECBA was calculated as the Root Mean Square (RMS) value of a 
band filtered (2-16 Hz) one-channel EEG. 
Results: Values of guanosine, inosine, hypoxanthine, xanthine and uridine were 
significantly higher, while ECBA was significantly lower after hemorrhagic hypotension 
than control values. The concentrations of inosine, hypoxanthine, xanthine and uridine 
were significantly negatively linearly related to ECBA.  
Conclusion: Brain cell function is negatively related to concentrations of inosine, 
hypoxanthine, xanthine and uridine in the CSF after hemorrhagic hypotension in near-
term born lambs.  
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Introduction 
 
The developing brain requires an adequate supply of oxygen and substrates for function 
and growth. In preterm newborns, cerebral oxygenation and hemodynamics are easily 
disturbed because of the immaturity of various organ systems, e.g. pulmonary and 
cardiovascular systems. Sufficient cerebral O2-supply is therefore frequently jeopardized 
in those infants.  
Hypotension may diminish or disrupt the cerebral blood flow (CBF), essentially 
starving the brain and preventing it from normal functioning and growth. The diminished 
cerebral O2-supply may cause serious impairments in cognitive skills, as well as motor 
functions. Long-term follow-up data of children born before 32 weeks of gestation show 
that 10% of them develop cerebral palsy and 50% cognitive and behavioral problems 
235;265. 
 During insufficient cerebral O2-supply, an accumulation of purine metabolites, 
which are the degradation products of high-energy phosphate compounds (ATP, ADP, 
AMP, GTP, GDP and GMP), will occur 19;76;208. Since the synthesis of uridine 
triphosphate (UTP) and cytidine triphosphate (CTP) also depends on the ATP level, it is 
therefore to be expected that the decline in ATP content during hypotension is also 
followed by an accumulation of pyrimidine metabolites, at the expense of UTP and CTP 
contents 89. 
Energy failure in the brain leads to a blockade of neuronal synaptic function and 
reduced electrical firing of neurons. This is reflected in recordings of electrocortical brain 
activity (ECBA), which can reveal a general picture of the functional state of the brain 175.  
Integrated electroencephalogram (EEG) signals have been found to correlate with the 
number of firing neurons 271. A disadvantage of EEG is that it requires the presence of an 
expert interpreting the large data volumes. In an effort to solve this problem, various 
methods of compressing the EEG signal have been developed, the Cerebral Function 
Monitor (CFM) being one of them. Non-invasive recording of electrocortical brain cell 
activity by means of EEG and CFM-like signals (e.g. ECBA) in the newborn period can 
be used as a measure for brain cell function 175. Moreover, abnormal tracings are related to 
neonatal death and in the survivors to impaired neurodevelopmental outcome 2;34;53;211;216.  
One of the major problems in the care for high risk neonates is to determine whether a 
baby's brain has suffered severe, irreversible damage 15. The extent of the damage is 
important with respect to the reversibility of the compromised brain function.  
It is known that measurement of purine and pyrimidine metabolites in the 
cerebrospinal fluid (CSF) can be used as an indicator for cerebral energy failure, or even 
as an early marker for brain cell damage 82. An early marker for brain cell damage due to 
hypotension might facilitate recognition of the neonate at risk for cerebral injury 170. 
However, purine and pyrimidine metabolites originating from damaged brain cells have to 
be measured in CSF, which has to be obtained invasively. In contrast, ECBA can be 
measured non-invasively and continuously in a clinical setting. 
The effect of hemorrhagic hypotension on brain cell function in the near-term 
born lamb has been elucidated in a previous study 247. Furthermore, the relationship 
between brain cell energy shortage after hypoxemia, as measured by purine and 
pyrimidine metabolism, and brain cell function, as measured by ECBA, after near-term 
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birth was established 243.  In the present study we investigated whether ECBA can also 
provide an adequate measure for brain cell energy failure due to hypotension in the near-
term born lamb. Based on our experience with near-term born lambs in hypoxemic 
conditions 243, we hypothesized that there is a relationship between disturbed brain cell 
function due to brain cell energy failure after hemorrhagic hypotension and the release of 
purine and pyrimidine metabolites in the CSF.  
 
 
Methods 
 
Animal preparation and instrumentation 
Pregnant ewes of Dutch Texel breed were operated at 131 days of gestation (term 147 
days) under general anesthesia with 3% isoflurane. After a polyvinyl catheter was inserted 
into the ewe’s jugular vein, isoflurane anesthesia was replaced with infusion of 600 mg/h 
ketamine hydrochloride and 15 mg/h midazolam. An arterial catheter was placed into the 
left carotid artery of the ewe for measurement of mean arterial blood pressure (MABP) 
and blood gas sampling. A pregnant horn of the uterus was exposed through a midline 
incision in the ewe’s abdomen, and a uterus incision was made over the fetal head of one 
lamb only. Siblings were kept in utero and were not instrumented. They were used to 
determine control values of purine and pyrimidine concentrations in the CSF. The ewe 
was monitored throughout the experiment and was kept in an optimal ventilatory (PaO2: 
10-15 kPa, PaCO2: 4-5 kPa, pH: 7.3-7.4) and circulatory (MABP: 100-120 mm Hg) 
condition.   
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not clamped yet. A polyvinyl catheter (outer diameter 
(OD) 2.1 mm) was placed in the right brachial vein for administration of ketamine 
hydrochloride (10 mg/kg⋅h), glucose 5% (2 mL/kg⋅h) and antibiotics (amoxicillin and 
gentamicin). Furthermore, the right brachial artery (polyvinyl catheter, OD: 2.1 mm, with 
its catheter tip in the arcus aortae) and right jugular vein (polyurethane catheter, OD: 0.9 
mm) were cannulated for measurement of MABP and arterial and venous blood gas 
sampling. The venous catheter was inserted in the cranial direction of the right jugular 
vein to obtain information on the venous cerebral compartment. Arterial and venous blood 
gases were analyzed with a blood gas analyzer (ABL 510, Radiometer Medical A/S, 
Copenhagen, Denmark). Oxygen saturation values were corrected for interspecies 
differences according to Nijland et al. 153. Arterial and venous blood pressures were 
measured with disposable transducers (Edwards Life Sciences BV, Los Angeles, USA). 
After exposing the left carotid artery, we applied an appropriately sized 
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System Inc., New 
York, USA) to fit around the vessel in order to assess changes in carotid artery blood flow 
(Qcar). Changes in Qcar were used to assess changes in CBF, since a close linear 
relationship between Qcar and CBF (determined with radioactive microspheres) was 
reported by Van Bel et al. 230.  
Cerebral O2-supply and O2-consumption respectively were calculated as follows: 
O2-supply (mL O2/min)= Qcar x CaO2,  
O2-consumption (mL O2/min)= Qcar x (CaO2-CvO2),  
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with arterial (venous) oxygen content:  
Ca(v)O2 (mL O2/mL)= Sa(v)O2 x Hb (g/dL) x 1.36 (mL O2/g Hb)/100)).  
Two disposable subdermal needle electrodes for EEG recordings (Oxford 
Instruments BV, Gorinchem, the Netherlands) were positioned on the parietal regions of 
the skull, and one electrode on the occipital region as a reference. ECBA was calculated 
as the Root Mean Square (RMS) value of a band filtered (2-16 Hz) one-channel EEG 
243;245, which is comparable with a voltage scale. 
 
Experimental procedure 
After the preparation, the instrumented lamb was intubated. Ventilation was started using 
a continuous flow pressure controlled ventilator (Babylog 1 HF, Dräger, Lübeck, 
Germany). Ventilator settings were adjusted to obtain optimal blood gases.  
 When the instrumented lamb was in an optimal ventilatory (PaO2: 10-14 kPa, 
PaCO2: 4.5-6.0 kPa, pH: 7.3-7.4) and circulatory (MABP 60-65 mm Hg) condition, the 
umbilical cord was clamped to mimic an extrauterine condition. Surfactant (Survanta, 
Ross Laboratories, Columbus, OH, USA) was administered if necessary to achieve an 
optimal ventilation and oxygenation with a fraction of inspired oxygen concentration 
(FiO2) of 0.30. The instrumented lamb was kept partially in the uterus and was covered 
with a warm blanket in order to maintain an optimal body temperature (nasal temperature 
39 ºC). 
A stabilization period of three hours was applied. MABP, Qcar and ECBA were 
recorded with a computer system and stored for further analysis (MIDAC, Biomedical 
Engineering Department, Radboud University Nijmegen Medical Center, Nijmegen, the 
Netherlands). At the end of the stabilization period, mean baseline values of MABP, Qcar 
and ECBA were calculated over three minutes and cerebral arterial and venous blood 
samples were obtained for blood gas analysis in order to calculate baseline cerebral O2-
supply and O2-consumption values in the instrumented lamb. 
To obtain graded hypotension, blood was withdrawn in a stepwise manner. Per 
step, approximately 25 mL/kg were removed in order to reach a 5-10 mm Hg MABP 
reduction, until MABP had dropped to approximately 30% of baseline 247. The total 
hypotensive period lasted 2.5 hours. Thereafter, mean values of MABP, Qcar and ECBA 
were calculated over three minutes and cerebral arterial and venous blood samples were 
obtained for blood gas analysis to calculate cerebral O2-supply and O2-consumption.  
Purine and pyrimidine metabolism 
In the instrumented lambs, CSF was obtained at the end of the hypotensive period. 
Control CSF samples were obtained from the siblings. Since the ewes were kept in an 
optimal ventilatory and circulatory condition until the end of the experiment, we assumed 
that the siblings were suitable to determine control values of purine and pyrimidine 
concentrations. The purine and pyrimidine metabolite concentrations in the CSF of the 
siblings were considered to be similar to the normotensive CSF purine and pyrimidine 
metabolite concentrations in the instrumented lambs, if CSF could have been obtained 
during normotension in these lambs. Therefore we linked the CSF purine and pyrimidine 
metabolite concentrations of the siblings to the physiological normotensive values of the 
instrumented lambs 243.  
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Approximately 1-2 mL of CSF was obtained by punction of the cisterna magna in 
the eight instrumented hypotensive lambs and in the eight siblings. After anterior flexion 
of the neck, the needle was introduced through the foramen magnum at a point just below 
the nuchal ridge until the appearance of CSF.  
Samples were immediately centrifuged (3000 rpm, 10 min.) in order to eliminate 
any red blood cell contamination, fixated with 8 M perchloric acid and homogenized 
gently. After centrifugation, the supernatant was neutralized with 4 M K2HPO4. The 
samples were frozen at –80°C until analysis. A HPLC procedure with a Alltima C18 
reversed-phase column, pore size 5 µm, column size 250 x 4,6 mm, (Altech, Deerfield, IL, 
USA) was used to determine purine metabolites (guanosine, inosine, hypoxanthine, 
xanthine) and pyrimidine metabolites (uridine, pseudo uridine, uracil) in the CSF as a 
measure of energy failure. Pseudo uridine is the most commonly modified nucleotide and 
is solely found in RNA 130.   
 
Statistical analysis 
In the instrumented lambs, mean values were calculated for cerebral O2-supply, cerebral 
O2-consumption and ECBA during the last three minutes of the normotensive period and 
during the last three minutes of the hypotensive period. The mean of left and right 
hemispheric ECBA was used for further analysis.  
The data were expressed as median (range). Mann-Whitney U tests were used to 
compare control and hypotensive blood gas values, physiological variables and metabolite 
concentrations. Spearman correlation and regression analyses were used to test the 
relationships between the variables. A p-value <0.05 was considered significant. 
Statistical analysis was performed with the SPSS statistical package (version 12.0 
SPSS Inc., Chicago, IL, USA).  
 The study was approved by the Institutional Animal Care and Use Committee of 
the University of Nijmegen before implementation. 
 
 
Results 
 
There were no statistically significant differences in birth weight and gender between the 
instrumented lambs and the siblings. 
A total of eight CSF samples from the instrumented hypotensive lambs and eight 
CSF samples from the siblings (controls) were analyzed for purine and pyrimidine 
metabolism. Inosine and uracil were not detectable in one control CSF sample and uracil 
was also not detectable in two hypotensive CSF values. Purine and pyrimidine metabolite 
concentrations were significantly higher after 2.5 h. of hemorrhagic hypotension when 
compared with the control situation except for pseudo uridine and uracil (Table 1). 
Especially the concentrations of inosine and hypoxanthine showed dramatic increases 
after 2.5 h. of hemorrhagic hypotension. 
Arterial oxygen saturation (SaO2), CaO2, Qcar, MABP, cerebral O2-supply, 
cerebral O2-consumption and ECBA were significantly lower after 2.5 h. of hemorrhagic 
hypotension than during normotension (Table 2). 
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The relationships between cerebral O2-supply and cerebral O2-consumption 
respectively and the purine and pyrimidine metabolite concentrations are presented in 
Table 3. Both were significantly negatively related to inosine, hypoxanthine, and uracil. 
Xanthine was only significantly negatively related to cerebral O2-supply. No relationship 
between respectively cerebral O2-supply and cerebral O2-consumption were observed for 
guanosine, uridine and pseudo-uridine.  
 
Table 1. Median (range) purine and pyrimidine metabolite concentrations at control and 
after 2.5 h. of hemorrhagic hypotension.  
 Control 
N=8 
Hypotension 
N=8 
Guanosine (µM) 0.52 (0.24-2.48) 0.93 (0.60-4.51)* 
Inosine (µM) 2.36 (1.08-11.68) 10.39 (6.50-39.92)‡ 
Hypoxanthine (µM) 8.55 (6.41-30.60) 42.74 (30.88-128.69)¶ 
Xanthine (µM) 2.43 (1.31-6.20) 6.64 (3.90-25.82)‡ 
Uridine (µM) 2.79 (0.50-6.01) 8.82 (1.30-24.72)* 
Pseudo uridine (µM) 5.18 (3.34-7.40) 5.06 (3.80-7.13) 
Uracil (µM) 2.22 (0.25-35.00) 11.54 (0.74-50.60) 
Mann-Whitney U test compared to control *p<0.05; ‡p<0.005; ¶p<0.001 
 
Table 2. Median (range) blood gas values and physiological variables during 
normotension and after 2.5 h of hemorrhagic hypotension.   
 Normotension 
N=8 
Hypotension 
N=8 
SaO2 (%) 98.45 (85.76-100.00) 60.90 (41.67-86.05)‡ 
CaO2 (mL/dL) 12.78 (11.42-18.50) 5.53 (1.77-7.12)¶ 
Qcar (mL/min) 34.46 (31.28-42.13) 3.14 (0.12-11.42)¶ 
MABP (mm Hg) 61.13 (50.20-84.26) 18.18 (8.23-33.27)¶ 
Cerebral O2-supply 
(mL/min) 
4.69 (1.37-7.79) 0.19 (0.06-0.60)¶ 
Cerebral O2-consumption 
(mL/min) 
0.65 (0.29-2.44) 0.14 (0.03-0.42)* 
ECBA (µV) 8.36 (5.37-10.28) 2.87 (0.29-4.86)¶ 
Mann-Whitney U test compared to normotension *p<0.05; ‡p<0.005; ¶p<0.001  
 
The relationships between ECBA and the purine and pyrimidine metabolite 
concentrations in control situations and after hemorrhagic hypotension are presented in 
Fig. 1. ECBA was significantly negatively linearly related to inosine (p<0.05), 
hypoxanthine (p<0.005), xanthine (p<0.005) and uridine (p<0.05) and not to guanosine, 
pseudo uridine and uracil.  
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Table 3. Spearman correlation coefficients (r) of the relationships between  purine and 
pyrimidine metabolite concentrations and cerebral O2-supply and cerebral O2-
consumption.  
 Cerebral O2-supply  
(mL/min) 
Cerebral O2-consumption 
(mL/min) 
Guanosine (µM) -0.45 -0.43 
Inosine (µM) -0.78‡ -0.62* 
Hypoxanthine (µM) -0.85¶ -0.71† 
Xanthine (µM) -0.69† -0.49 
Uridine (µM) -0.37 -0.37 
Pseudo uridine (µM) 0.13 0.05 
Uracil (µM) -0.67* -0.77‡ 
*p<0.05; †p<0.01; ‡p<0.005; ¶p<0.001 
 
 
Discussion 
 
We used the near-term born lamb to study the effects of hemorrhagic hypotension on 
purine and pyrimidine metabolite concentrations in the CSF, as a measure of energy 
failure, and ECBA, as a measure of brain function impairment, after near-term birth. To 
test the reversibility of energy failure and brain function impairment after hemorrhagic 
hypotension was beyond the scope of this study.  
 A decrease in MABP does not necessarily produce changes at the neuronal level. 
In newborn piglets it was shown that ECBA decreased during severe hypotension or 
hypotension associated with hypoxemia 27. Electrocortical function was affected when 
MABP had been reduced to approximately 40% of baseline 62. We demonstrated in near-
term born lambs (127 d) that brain cell function deteriorated during hypotension when 
MABP had been reduced to approximately 30% of baseline 247. Therefore, we aimed for 
the same magnitude of reduction in MABP in the present study. However, with decreasing 
blood pressure it became increasingly more difficult to ventilate the lambs and to maintain 
optimal blood gas values. This eventually resulted in minor reductions of SaO2 and CaO2.
  Since sampling of CSF in the instrumented lambs during normotension as well 
as after hemorrhagic hypotension was not feasible, we used CSF of the siblings for control 
values. The ewes were monitored continuously and were in an optimal ventilatory and 
circulatory condition and the umbilical cords of the siblings were not obstructed during 
the experiments. Therefore, we assumed an optimal cerebral oxygenation and circulation 
of the siblings and we did not expect elevated concentrations of purine and pyrimidine 
metabolites due to energy failure under these conditions. This was confirmed by the low 
concentrations of purine and pyrimidine metabolites in the CSF of the siblings. These 
concentrations were comparable to the normotensive CSF purine metabolite 
concentrations in fetal lambs as observed by De Haan et al. 41. The umbilical cords of the 
instrumented lambs were clamped to mimic delivery. To our knowledge, the effect of 
delivery on the purine and pyrimidine metabolite concentrations is not known. However, 
we assume it to be negligible after a caesarian section, in particular after a stabilization 
period of three hours.  
Chapter 8 - Hypotension 
 
93 
 
Fig. 1. Relationships between 
purine and pyrimidine 
metabolite concentrations and 
ECBA during control (filled 
circles) and after 2.5 h. of 
hemorrhagic hypotension (open 
circles). 
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 Normal cerebral function is intimately related to adequate O2-supply and 
metabolism. During insufficient O2-supply, ATP is catabolized to AMP, IMP, adenosine, 
hypoxanthine and xanthine and is ultimately excreted as uric acid. The formation of 
xanthine and uric acid by xanthine oxidase is a source of free radical formation, which is 
important for the development of ischemic and post-ischemic damage 43;207. Elevated 
levels of hypoxanthine and xanthine in the brain are related to irreversible brain cell 
damage 83. In addition, the increase of hypoxanthine and xanthine after asphyxia seems to 
be related to the loss of sensory evoked potentials, which indicates poorer cerebral 
function 208. During the breakdown of ATP, not only concentrations of hypoxanthine and 
xanthine in the CSF will increase, but also those of other purine metabolites, such as 
guanosine and inosine, and pyrimidine metabolites, such as uridine and uracil, increase.  
We have shown that after hemorrhagic hypotension, the CSF concentrations of 
the purine metabolites guanosine, inosine, hypoxanthine and xanthine and the pyrimidine 
metabolite uridine were significantly higher as compared to the control values that were 
obtained in the siblings. Pseudo uridine and uracil concentrations were not significantly 
different between control conditions and after hemorrhagic hypotension, whereas they had 
increased significantly after prolonged hypoxemia 243. ECBA was significantly lower after 
hemorrhagic hypotension as compared to the values obtained in normotensive conditions 
in the instrumented lambs. Combining these facts, we suggest that there exists a 
relationship between the increase in the concentrations of the purine metabolites and 
uridine and the decrease in brain cell function. This finding was supported by the 
significant relationships found between ECBA and respectively the purine metabolite 
concentrations (except guanosine) and uridine concentrations, although they were clearly 
less strong than the relationships previously found during hypoxemic conditions 243. There 
were no significant relations observed between ECBA and respectively the concentrations 
of pseudo uridine and uracil.   
We have demonstrated that after hemorrhagic hypotension, the concentrations of 
purine metabolites and the pyrimidine metabolite uridine increased while brain cell 
function, as measured by ECBA, decreased in near-term born lambs. We suggest that the 
decreases in brain cell function are related to increases in inosine, hypoxanthine, xanthine 
and uridine concentrations in the CSF, and that ECBA therefore most likely reflects the 
measure of brain cell energy failure due to hemorrhagic hypotension in the near-term born 
neonate. 
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Abstract 
 
Background: Energy failure due to insufficient cerebral O2-supply leads to excess 
accumulation of calcium ions in pre-synaptic neurons, followed by excess release of 
excitatory amino acids (EAAs), which are potent neurotoxins, into the synaptic cleft.   
Aim: To investigate whether electrocortical brain activity (ECBA) can provide an 
adequate measure for brain cell damage due to hemorrhagic hypotension. 
Methods: Ten near-term lambs (term: 147 d) were delivered at 127 days of gestation. 
After a stabilization period, hypotension was induced by stepwise withdrawal of blood. 
Cerebral microdialysis was used to measure the concentrations of glutamate and aspartate. 
Results: During hypotension, mean arterial blood pressure, carotid artery blood flow, 
cerebral O2-supply and ECBA decreased and the concentrations of glutamate increased 
significantly. ECBA was significantly related to glutamate (R2: 0.38, p<0.001) and 
aspartate (R2: 0.58, p<0.001) concentrations. 
Conclusion: The extracellular release of glutamate and aspartate in the cerebral cortex 
increases after hemorrhagic hypotension in near-term born lambs. The extracellular 
overflow of glutamate and aspartate was significantly inversely related to brain cell 
function. 
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Introduction 
 
Approximately two percent of all newborns in the Netherlands are born before 32 
completed weeks of gestation. Although mortality rates have decreased over the past 15 
years, long-term morbidity has not changed 73. Since the fetal brain develops very rapidly 
during the last trimester of pregnancy, the brain of infants born preterm is very vulnerable 
to changes in oxygen and nutrient supply in the neonatal period.  
Brain cells need a sufficient amount of oxygen for function, growth and 
development. Cerebral oxygen (O2) supply is determined by the arterial oxygen content 
(CaO2) and cerebral blood flow (CBF). If cerebral autoregulation is impaired, hypotension 
results in low CBF and leads therefore to decreases in cerebral O2-supply. When cerebral 
O2-supply becomes insufficient to meet the cellular demand for oxygen, a sequence of 
events will be triggered, eventually leading to neonatal brain cell dysfunction or damage 
243-245;247.  
A decline in the cerebral O2-supply reduces the cerebral energy production. As a 
consequence of the energy failure, an excess accumulation of calcium ions occurs in pre-
synaptic neurons 125. An important effect of the influx of calcium ions is the massive 
release of neurotransmitters, particularly the excitatory amino acids (EAAs) glutamate and 
aspartate, into the synaptic cleft 77. Neurotransmitter receptors are proteins embedded in 
the post-synaptic neuronal cell membrane. They translate chemical signals into electrical 
signals by binding neurotransmitter molecules secreted by pre-synaptic neurons, which act 
in turn by opening and closing post-synaptic ion channels. The excess release of EAAs 
during conditions of energy failure creates a potent neurotoxic condition and may 
therefore be involved in brain cell dysfunction and ultimately cell death 68;252.  
An early marker for brain cell damage due to hypotension might facilitate 
recognition of the neonate at risk for cerebral injury 57. Microdialysis provides a tool for 
monitoring biochemical events in local tissue in a clinical setting 17;113;143. 
Electroencephalogram (EEG) features provide information on brain cell function 
175. Energy failure in the brain, e.g. due to reduced cerebral O2-supply during hemorrhagic 
hypotension, leads to a blockade of neuronal synaptic function and reduced electrical 
firing of neurons. A disadvantage of conventional EEG is that it requires the presence of 
an expert interpreting the large data volumes. In an effort to solve this problem, various 
methods of compressing the EEG signal have been developed, the Cerebral Function 
Monitor (CFM) being one of them. CFM correlates well with conventional multichannel 
EEG evaluation of cortical neuronal activity in neonates, except for the recognition of 
very short seizure activity patterns 2;66;86;104;209;217. Non-invasive recording of 
electrocortical brain activity (ECBA) by means of CFM-like signals can be used as a 
measure for brain cell function in the newborn period 175. Abnormal tracings are indicative 
for the risk of neonatal death and in the survivors to neurodevelopmental outcome 
2;34;53;211;216.   
One of the major problems in the care for high-risk neonates is to determine 
whether a baby's brain has suffered severe, irreversible damage after hypotension. The 
extent of the damage is important with respect to the reversibility of the compromised 
brain function. Although relationships between EEG abnormalities and periventricular-
intraventricular hemorrhages and number of damaged brain structures are reported 140;239, 
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the relationship between ischemic brain cell damage due to energy shortage, as measured 
by EAA release, and brain cell function, as measured by ECBA, after near-term birth is 
not fully elucidated.  
The near-term born lamb was used to investigate whether ECBA can provide an 
adequate measure for brain cell damage due to hemorrhagic hypotension. We 
hypothesized that there is a relationship between disturbed brain cell function due to 
ischemic cell damage and the release of EAAs in the extracellular fluid in the (sub)cortex.   
 
 
Methods 
 
Animal preparation and instrumentation 
Ten pregnant ewes of Dutch Texel breed were operated upon at 127 days of gestation 
(term 147 days) under general anesthesia with 3% isoflurane. After a polyvinyl catheter 
was inserted into the ewe’s jugular vein, isoflurane anesthesia was replaced with infusion 
of 600 mg/h ketamine hydrochloride and 15 mg/h midazolam. The pregnant horn of the 
uterus was exposed through a midline incision in the ewe’s abdomen, and a uterus 
incision was made over the fetal head.  
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not clamped yet. A polyvinyl catheter (outer diameter 
(OD): 2.1 mm) was placed in the right brachial vein for administration of ketamine 
hydrochloride (10 mg/kg⋅h), glucose 5% (2 mL/kg⋅h) and antibiotics (amoxicillin and 
gentamicin). Furthermore, the right brachial artery (polyvinyl catheter, OD: 2.1 mm, with 
its catheter tip in the arcus aortae) and right jugular vein (polyurethane catheter, OD: 0.9 
mm) were cannulated for measurement of the arterial blood pressure, and arterial and 
venous blood gas sampling. The venous catheter was inserted in the cranial direction of 
the right jugular vein to access the venous cerebral compartment in order to calculate the 
venous oxygen content (CvO2). Mean arterial blood pressure (MABP) was measured with 
disposable transducers (Edwards Life Sciences BV, Los Angeles, USA). Arterial and 
venous blood gases were analyzed with a multiwavelength blood gas analyzer (ABL 510, 
Radiometer Medical A/S, Copenhagen, Denmark). Oxygen saturation values were 
corrected for interspecies differences according to Nijland et al. 153. 
After exposing the left carotid artery, we applied an appropriately sized 
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System Inc., New 
York, USA) to fit around the vessel in order to measure the carotid artery blood flow 
(Qcar). Changes in Qcar were used to assess changes in CBF. A close linear relationship 
between Qcar and CBF, determined with radioactive microspheres, was reported by Van 
Bel et al. 230.  
Cerebral O2-supply and cerebral O2-consumption were respectively calculated as 
follows: 
O2-supply (mL O2/min)= Qcar x CaO2,  
O2-consumption (mL O2/min)= Qcar x (CaO2-CvO2),  
with arterial (venous) oxygen content:  
Ca(v)O2 (mL O2/mL)= Sa(v)O2 x Hb (g/dL) x 1.36 (mL O2/g Hb)/100. 
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EEG: Two disposable subdermal needle electrodes for EEG recordings (Oxford 
Instruments BV, Gorinchem, the Netherlands) were positioned on the parietal regions of 
the skull, and one electrode on the occipital region as a reference. Conventional CFM 
provides a semi-logarithmic amplitude distribution plot of a single channel EEG through 
amplification, bandpass filtering (2-16 Hz), compression, rectification and smoothing. The 
signal is then plotted at slow speed and is very well suited for visual evaluation. Although 
many authors have tried to express electrical activity derived from the CFM signal on a 
numerical scale, calculating means from a semi-logarithmical scale is, to our opinion, not 
a logical step in signal analysis. Therefore, from a signal analytical point of view, we have 
used a slightly different approach. We also used a 2-16 Hz band filtered one-channel 
EEG. But, we calculated the (three min.) mean of the squared signal (mean power). The 
result is presented as the root from this signal. ECBA is thus calculated as the Root Mean 
Square (RMS) value of a band filtered (2-16 Hz) one-channel EEG 243-247 and is 
comparable with a voltage scale. 
Microdialysis: Extracellular fluid was sampled using a microdialysis probe. For 
that purpose the lambs were placed in a prone position and the head fixed in a stereotaxic 
holder (David Kopf, Tujunga, CA). The scalp was removed to expose the skull. A hole 
with a diameter of 3 mm was drilled in the skull 5 mm distal to the sutura saggitalis, and 2 
mm posterior to the sutura coronalis. A flexible probe optimized for central nervous 
system use (CMA/12, CMA Microdialysis, Solna Sweden), with a membrane length of 2 
mm and a molecular weight cut-off of 20,000 Da., was implanted in the parietal cerebral 
cortex of the right hemisphere. The probe was perfused with central nervous system 
dialysis fluid containing 147 mM NaCl, 2.7 mM KCl, 1,2 mM CaCl2 and 0.85 mM MgCl2 
at a constant flow of 1 µL/min.  
 
Experimental procedure 
After instrumentation, the lambs were intubated and ventilation was started using a 
continuous flow pressure controlled ventilator (Babylog 1 HF, Dräger, Lübeck, Germany). 
Surfactant (Survanta, Ross Laboratories, Columbus, OH, USA) was administered if 
necessary to achieve adequate ventilation and oxygenation with a FiO2 of 0.30. 
When the lamb was in an optimal ventilatory (PaO2: 10-14 kPa, PaCO2: 4.5-6.0 
kPa, pH: 7.3-7.4, SaO2> 90%) and circulatory (MABP: 50-65 mm Hg) condition, we 
clamped the umbilical cord to mimic an extrauterine condition. The physiologic 
measurements (MABP, Qcar and ECBA) were recorded continuously with a computer 
system and stored for further analysis (MIDAC, Biomedical Engineering Department, 
University Medical Center Nijmegen, Nijmegen, the Netherlands). 
After a stabilization period of three hours, baseline values of MABP, Qcar and 
ECBA were determined during three minutes. Furthermore, blood gases were analyzed to 
calculate cerebral O2-supply and -consumption and a microdialysis sample was obtained.  
To obtain hypotension, blood was withdrawn in a stepwise manner. 
Approximately 25 mL/kg was removed per step to reach a 5-10 mm Hg MABP reduction. 
Mean values of MABP, Qcar and ECBA were determined during 50 minute intervals and 
blood gases were obtained. Microdialysis samples were continuously collected during the 
experiments at 50 minute intervals (microfraction collector CMA/142, CMA 
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Microdialysis, Solna Sweden) in propylene vials and frozen at –800 C. The hypotensive 
period lasted 2.5 hours. 
 
Excitatory amino acids  
Cerebrospinal fluid (CSF) was obtained by punction of the cisterna magna at the end of 
the hypotensive period. Concentrations of amino acids in the CSF and in the 
simultaneously obtained dialysates (at the end of the hypotensive period) were compared 
to calculate the recovery (concentration in the dialysate divided by the concentration in 
the CSF) of the amino acids in the dialysates.  
As almost all amino acids have a low concentration in CSF and the volume of the 
available samples was clearly restricted, a sensitive method was obligatory for this study. 
Furthermore rapid preparation of the aliquots was required as glutamine and asparagine 
are susceptible to deamination to glutamate and aspartate, respectively  
Frozen aliquots of the extracellular fluid samples were unthawed and 
immediately deproteinized without dilution by ultrafiltration through Amicon Ultra-4 
devices with 10,000 Dalton membranes. The free amino acids were derivatized using 
Waters AccQ.Fluor reagent kit. Cysteic acid was used as internal standard. Separation of 
the derivatives of cysteic acid, aspartate, glutamate, asparagine and glutamine was 
achieved with Waters HPLC equipment provided with a RP8RP C18 column in a 30 min. 
program. Elution was started with a mixture of 91 (v/v)% eluent A (Waters kit) and 9 
(v/v)% 60 (v/v)% acetonitril in water. After 7 min. the ratio was changed to 86:14 %. 
Fluorimetric detection with excitation wavelength of 250 and emission wavelength of 395 
nm took place in a Waters 474 flow cell. Commercially available amino acid mixtures 
were used for quantification.    
 
Verification of microdialysis cannula placement  
At the end of each experiment the lamb was sacrificed with an overdose pentobarbital. 
The brain was prepared from the skull and the location of the probe was carefully verified. 
In all lambs the probes were placed properly and no tissue damage was detected. 
 
Statistical analysis 
The mean of left and right hemispheric ECBA was used for further analysis. The data 
were expressed as mean ± SEM. A Mann-Whitney U test was used to compare the 
physiological variables at baseline and after 2.5 h. of hemorrhagic hypotension. Curve 
estimation regression statistics were used to assess the relationships between aspartate and 
glutamate and respectively MABP and ECBA. Statistical analysis was performed with the 
SPSS statistical package 12.0 (SPSS Inc., Chicago, IL, USA).  
The study was approved by the Institutional Animal Care and Use Committee of 
the University of Nijmegen before implementation 
 
 
Results 
 
The recovery (mean ± SEM) for glutamate and aspartate concentrations in the dialysate 
was respectively 0.16 ± 0.06 and 0.53 ± 0.22. 
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Mean (SEM) values of MABP, Qcar, cerebral O2-supply, cerebral O2-
consumption, ECBA, blood hemoglobin concentration, glutamate concentrations and 
aspartate concentrations during baseline and after 2.5 h. of hemorrhagic hypotension are 
presented in Table 1. Mann-Whitney U tests showed that MABP, Qcar, cerebral O2-
supply and ECBA decreased and the concentration of glutamate increased significantly 
during hypotension.  
 
Table 1. Mean ± SEM values of MABP, Qcar, cerebral O2-supply, cerebral O2-
consumption, ECBA, blood hemoglobin concentration (Hb), glutamate concentration and 
aspartate concentration during baseline and after 2.5 h. of hemorrhagic hypotension. 
 baseline, N=10 hypotension, N=10 
MABP (mm Hg) 57.3 ± 3.9 37.9 ± 2.7‡ 
Qcar (mL/min) 27.8 ± 3.5 15.2 ± 4.4* 
O2-supply (mL/min) 3.7 ± 0.8 1.4 ± 0.3† 
O2-consumption (mL/min) 0.9 ± 0.3 0.8 ± 0.1 
ECBA (µV) 8.6 ± 0.3 4.2 ± 0.9¶ 
Hb (g/dL) 11.3 ± 0.5 9.8 ± 0.7 
Glutamate (µM) 3.3 ± 0.7 16.2 ± 3.2‡ 
Aspartate (µM) 3.6 ± 1.2 8.8 ± 3.1 
Mann-Whitney U test *p<0.05; †p<0.01; ‡p<0.005; ¶p<0.001  
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Fig. 1. The relationship between 
MABP and glutamate concentrations, 
during hemorrhagic hypotension in 
the near-term lamb. 
Fig. 2. The relationship between 
MABP and aspartate concentration, 
during hemorrhagic hypotension in 
the near-term lamb. 
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Figs. 1 and 2 show the relationship between respectively glutamate and aspartate 
and MABP. Glutamate (quadratic fit, R2 0.52, p<0.001) and aspartate (logarithmic fit, R2 
0.23, p<0.005) were significantly related to MABP. Figs. 3 and 4 show the relationship 
between respectively glutamate and aspartate and ECBA. Glutamate (power fit, R2 0.38, 
p<0.001) and aspartate (exponential fit, R2 0.58, p<0.001) were significantly related to 
ECBA. 
 
 
Discussion 
 
The near-term newborn lamb was used as a model for the human newborn to study the 
effect of EAA release in the extracellular fluid of the cortex and ECBA, as measure of 
functional brain cell damage, during hypotension in the perinatal period. To test the 
reversibility of functional brain cell damage after hypotension was beyond the scope of 
this study.  
This model was chosen because in the fetal lamb brain development in the last 
trimester of pregnancy is rather similar to that in the human fetus 181. Furthermore, the 
lamb model is applicable in fetal as well as neonatal studies and there is extensive 
experience with cerebral hemodynamic studies in this animal model 181;187. This model is 
suitable for acute and subacute studies and the size of a near-term lamb is adequate to test 
and monitor multiple organ systems 187. The umbilical cords of the instrumented lambs 
Fig. 3. The relationship between 
glutamate concentrations and ECBA, 
during hemorrhagic hypotension in 
the near-term lamb. 
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were clamped to mimic delivery. To our knowledge, the effect of delivery on the EAA 
concentrations is not known. However, we assume it to be negligible after a caesarian 
section, in particular after a stabilization period of three hours. 
In clinical practice, RMS-values of the one-channel EEG tracing are not 
commonly used for evaluation of the neurological condition of the sick newborn infant. 
However, non-invasive recording of ECBA can be used as a measure of brain cell 
function 175.  Low cerebral ECBA within hours after birth appears to be related to 
neuronal damage 71, but also to neonatal death and to impaired neurodevelopmental 
outcome 174;197;216.  
Microdialysis is a safe and sensitive semi-online method which allows detection 
of neuronal damage in critically ill patients 17;113;143. Glutamate and aspartate 
concentrations were determined in dialysate that was obtained in the instrumented lambs 
during anesthesia with ketamine. The physiological and pathological effects of glutamate 
and aspartate in the central nervous system are mediated through interaction with specific 
cell membrane receptors, of which the N-methyl-D-aspartate (NMDA), kainate (KA) and 
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) subtypes are the 
best characterized 18;68;119;146;214. Ketamine is a noncompetitive N-methyl-D-aspartate 
(NMDA) receptor antagonist, in that it does not bind directly to the NMDA receptor. 
Rather, it binds to a receptor distinct from the NMDA receptor, but located within the ion 
channel, thereby interfering with the glutamate-induced Ca2+ influx 51;148. In the present 
study, microdialysis was performed during the same depth of anesthesia during the 
experiments. Therefore, changes between the hypotensive levels cannot be attributed to an 
anesthetic effect, but to changes in MABP. Furthermore, other groups have found similar 
baseline glutamate concentrations in microdialysate of (fetal) lambs and sheep 35;99;122;126.  
The various protein subunits of the NMDA, AMPA, and KA receptors form a 
central pore that allows the passage of cations. The ion channel of the NMDA receptor 
allows the entry of Ca2+ in addition to the monovalent cation Na +. The increase in 
postsynaptic intracellular Ca2+ concentration can act as a second messenger to activate 
intracellular signaling cascades. The AMPA receptor allows the entry of Na+ (and water) 
into the cell and in some cases small amounts of Ca2+ (immature neurons), whereas the 
KA receptor allows the entry of Na+. The immediate intracellular consequence of 
glutamate receptor overactivation is therefore increased intracellular sodium and calcium 
concentrations 68. Accumulation of sodium, in combination with failure of the energy 
dependent membrane ion pumps, can lead to rapid cell swelling, as seen in necrotic cell 
death. Accumulation of intracellular calcium can lead to activation of calcium-dependent 
phospholipases, nitric oxide synthase, and proteases, eventually leading to apoptosis 18. 
Normal cerebral function is intimately related to adequate O2-supply and 
metabolism. During insufficient O2-supply, ATP is catabolized to AMP, IMP, adenosine, 
hypoxanthine and xanthine and is ultimately excreted as uric acid. The formation of 
xanthine and uric acid by xanthine oxidase is a source of free radical formation, which is 
important for the development of ischemic and post-ischemic damage 43;207. During the 
breakdown of ATP, not only concentrations of hypoxanthine and xanthine in the CSF will 
increase, but also those of other purine metabolites, such as guanosine and inosine, and 
pyrimidine metabolites, such as uridine and uracil, increase. In fact, many interconnected 
pathways are involved in the pathogenesis of perinatal hypoxia-ischemia brain injury, 
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including excessive neuronal Ca2+ influx, overproduction of EAAs and NO release, 
formation of reactive oxygen species, lipid peroxidation and induction of cytokine 
production 167;263. Finally, this cascade will result in irreversible brain cell damage. 
Previously, we studied the effects of hemorrhagic hypotension on purine and 
pyrimidine metabolism and on irreversible brain cell damage, also using near-term born 
lambs anesthetized with ketamine. We have demonstrated that after hemorrhagic 
hypotension, the concentrations of purine metabolites and the pyrimidine metabolite 
uridine increased while brain cell function, as measured by ECBA, decreased in near-term 
born lambs 244. Furthermore, we have shown that cortical neuronal cell damage can be 
detected after 2.5 h. of hemorrhagic hypotension in the near-term born lamb (chapter 10). 
The damage is reflected by a reduction of ECBA. The glutamate, NOx, cGMP pathway is 
likely to be involved in the pathogenesis of cerebral cortical damage. In the present study, 
we further elucidated the relationship between disturbed brain cell function due to 
ischemic cell damage and the release of EAAs in the extracellular fluid in the (sub)cortex. 
Aspartate is often bracketed together with glutamate as EAA. But the details of 
its mechanism in neurotransmission are by far less clear than for glutamate 144. Under 
ischemic conditions aspartate is released simultaneously with glutamate and GABA from 
the hippocampus 120;219 and concomitant re-uptake occurs during reperfusion in rats 219. 
Many protein complexes and transport processes in neurotransmission likely are identical 
for aspartate and glutamate. Gundersen et al. 70 demonstrated parallelism between storage 
and release of aspartate and glutamate from nerve endings in rat hippocampus.  
The increased extracellular glutamate concentration during hypoxia-ischemia in 
the neonatal period is a delayed event and associated with metabolic derangements. 
Cellular energy failure contributes to the extracellular accumulation of glutamate by an 
increased release from the presynaptic neuron as well as by a reduced re-uptake. 
Moreover, high extracellular concentrations of glutamate contribute to the excitotoxic 
death of neurons 107. We demonstrate in this study that the extracellular concentrations of 
EAAs (especially glutamate) increased during prolonged hemorrhagic hypotension. 
Hagberg et al. 78 as well as Gucuyener et al. 69 also observed elevated CSF concentrations 
of glutamate and aspartate in asphyxiated newborn infants. Furthermore, Hagberg et al. 75 
observed a significant increase in extracellular glutamate and aspartate concentrations in 
the cortex and striatum and a concomitant decline in somatosensory evoked potentials in 
severely asphyxiated fetal lambs with a mean gestational age of 133 days. In our study, 
we observed in near-term born lambs that the deterioration of brain function during 
hemorrhagic hypotension was related to increased extracellular concentrations of 
glutamate and aspartate in the brain. During hemorrhagic hypotension, ECBA seems to 
reflect the metabolic derangements and the excitotoxic effect of glutamate, which result in 
ischemic brain cell damage. 
We conclude that the extracellular release of EAAs (especially glutamate) in the 
cerebral cortex increases after prolonged hemorrhagic hypotension in near-term born 
lambs. The extracellular overflow of these EAAs was significantly inversely related to 
brain cell function. 
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Abstract 
 
Background: Hypotension reduces cerebral O2-supply, which may result in brain cell 
damage and loss of brain cell function in the near-term neonate.  
Aim: To elucidate 1) to what extent the functional disturbance of the cerebral cortex, as 
measured with electrocortical brain activity (ECBA), is related to cerebral cortical tissue 
damage, as estimated by MAP2 and 2) whether there is a relationship between the 
glutamate, NOx, cGMP pathway and the development of cerebral cortical tissue damage 
after hemorrhagic hypotension.  
Methods: Seven lambs were delivered at 131 d of gestation. Hypotension was induced by 
withdrawal of blood until mean arterial blood pressure was reduced to 30% of 
normotension. Cerebral O2-supply, -consumption, and ECBA were calculated in 
normotensive conditions and after 2.5 h. of hypotension. Concentrations of glutamate and 
aspartate in cerebrospinal fluid (CSF), NOx in plasma and cGMP in cortical brain tissue 
were determined in both conditions. CSF and brain tissue from siblings were used to 
determine normotensive values.  
Results: Cortical neuronal damage was detected after 2.5 h. of hypotension. ECBA was 
negatively related to the severity of the cortical damage. ECBA was related to respectively 
glutamate, NOx and cGMP concentrations.  
Conclusion: Cortical neuronal damage is detected after 2.5 h. of hemorrhagic hypotension 
in the near-term born lamb. The damage is reflected by a reduction of ECBA. The 
glutamate, NOx, cGMP pathway is likely to be involved in the pathogenesis of cerebral 
cortical damage. 
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Introduction 
 
The developing brain requires an adequate supply of oxygen and substrates for function 
and growth. In immature newborns, cerebral oxygenation and hemodynamics are easily 
disturbed because of the immaturity of various organ systems, e.g. pulmonary and 
cardiovascular systems. Sufficient cerebral O2-supply is therefore frequently jeopardized 
in those infants. Hypotension may diminish or disrupt the cerebral blood flow (CBF), with 
a consequent reduction of the supply of oxygen and substrates to the brain, thereby 
hindering the brain in normal functioning and growth 150.   
Neurons are very sensitive to reduced supplies of oxygen and glucose 109;166. 
Reduced cerebral O2-supply results in a cascade of events. The excess release of 
excitatory amino acids (EAAs), in particular glutamate, during conditions of energy 
failure initiates a massive influx of Ca2+ into the cell. The increased intracellular Ca2+ 
concentration  triggers Ca2+ dependent processes 38, such as the formation of nitric oxide 
(NO) from L-arginine by nitric oxide synthase (NOS) 60. NO increases the concentrations 
of cyclic guanosine 3',5'-monophosphate (cGMP) through the activaton of soluble 
guanylate cyclase (sGC) 60. Ultimately, this cascade may lead to brain cell dysfunction 
and cell death 93.  
The diminished cerebral O2-supply may cause serious impairments in cognitive 
skills, as well as motor functions. Long-term follow-up data of children born before 32 
weeks of gestation show that 10% of them develop cerebral palsy and 50% cognitive and 
behavioral problems 235. 
 Whereas brain cell dysfunction can be measured in vivo non-invasively by 
neurophysiological methods 243;245, brain cell death can only be assessed histologically. 
Microtubule-associated proteins (MAPs) are a diverse family of cytoskeletal proteins 
apparently present in all vertebrates including man 9. They perform important functions 
related to normal neuronal integrity through the maintenance of nerve cell shape and 
intracellular transport, and to the regulation of neuronal morphogenesis 97. It has been 
shown that the loss of microtubule-associated protein 2 (MAP2) correlates with neuronal 
degeneration after brain injury in rodents 138. Alteration of the cytoskeleton is a major step 
in the initiation of apoptosis in several cell types 223.  
In a previous study, we demonstrated in near-term lambs that brain cell function 
deteriorated during hypotension when mean arterial blood pressure (MABP) had been 
reduced to 30% of normotension 247. The aim of the present study is to elucidate 1) to 
what extent the functional disturbance of the cerebral cortex, as measured with 
electrocortical brain activity (ECBA), is related to cerebral cortical tissue damage, as 
estimated by MAP2 staining after 2.5 h. of hemorrhagic hypotension in lambs born at 131 
days of gestation, and 2) whether there is a relationship between the glutamate, NOx, 
cGMP pathway and the development of cerebral cortical tissue damage. 
 
 
Methods 
 
The study was approved by the Institutional Animal Care and Use Committee of the 
University of Nijmegen before implementation. 
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Animal preparation and instrumentation 
Seven pregnant ewes of Dutch Texel breed were operated at 131 days of gestation (term 
147 days) under general anesthesia with 3% isoflurane. After a polyvinyl catheter was 
inserted into the jugular vein, isoflurane anesthesia was replaced with infusion of 600 
mg/h ketamine hydrochloride and 15 mg/h midazolam. A catheter was placed into the left 
carotid artery for measurement of MABP and blood sampling. The ewe was kept in an 
optimal ventilatory (PaO2: 10-15 kPa, PaCO2: 4-5 kPa, pH: 7.3-7.4) and circulatory 
(MABP: 100-120 mm Hg) condition.  A pregnant horn of the uterus was exposed, and an 
uterus incision was made over the fetal head. Siblings were kept in utero and were not 
instrumented. They were used to determine concentrations of glutamate and aspartate in 
cerebrospinal fluid (CSF) and concentrations of cGMP and MAP2 staining in cerebral 
cortical tissue during normotension.  
The fetus’ head and right fore limb were delivered and an occluder was placed 
around the umbilical cord, but was not clamped yet. A polyvinyl catheter (outer diameter 
(OD) 2.1 mm) was placed in the right brachial vein for administration of ketamine 
hydrochloride (10 mg/kg⋅h), glucose 5% (2 ml/kg⋅h) and a single dose of antibiotics 
(amoxicillin 50 mg/kg, gentamicin 2.5 mg/kg). The right brachial artery (polyvinyl 
catheter, OD: 2.1 mm, with its catheter tip in the arcus aortae) and right jugular vein 
(polyurethane catheter, OD: 0.9 mm, in the cranial direction) were cannulated for 
measurement of the MABP and blood sampling. MABP was measured with disposable 
transducers (Edwards Life Sciences BV, Los Angeles, USA). Blood gases were analyzed 
with a blood gas analyzer (ABL 510, Radiometer Medical A/S, Copenhagen, Denmark). 
Arterial oxygen saturation (SaO2) values were corrected for interspecies differences 153.  
After exposing the left carotid artery, we applied an appropriately sized 
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System Inc., New 
York, USA) in order to assess changes in carotid artery blood flow (Qcar). A close linear 
relationship between Qcar and CBF was reported by Van Bel et al. 230.  
Cerebral O2-supply and O2-consumption were calculated as follows: 
O2-supply (mL O2/min)= Qcar x CaO2,  
O2-consumption (mL O2/min)= Qcar x (CaO2-CvO2),  
with arterial (venous) oxygen content:  
Ca(v)O2 (mL O2/mL)= arterial (venous) O2 saturation (Sa(v)O2) x Hb (g/dL) x 1.36 ((mL 
O2/g Hb)/100).  
Two disposable subdermal needle electrodes for electroencephalogram (EEG) 
recordings (Oxford Instruments BV, Gorinchem, the Netherlands) were positioned on the 
parietal regions of the skull, and one electrode on the occipital region as a reference. 
ECBA was calculated as the Root Mean Square (RMS) value of a band filtered (2-16 Hz) 
one-channel EEG, which is comparable with a voltage scale 243;245.  
 
Experimental procedure 
After preparation, the instrumented lamb was intubated. Ventilation was started using a 
continuous flow, pressure controlled ventilator (Babylog 1 HF, Dräger, Lübeck, 
Germany). Minor adjustments of the ventilator settings were sometimes required to obtain 
optimal blood gases.  
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When the instrumented lamb was in an optimal ventilatory (PaO2: 10-14 kPa, 
PaCO2: 4.5-6.0 kPa, pH: 7.3-7.4) and circulatory (MABP 60-65 mm Hg) condition, the 
umbilical cord was clamped to mimic an extrauterine condition. Surfactant (Survanta, 
Ross Laboratories, Columbus, OH, USA) was administered if necessary to achieve an 
optimal ventilation and oxygenation with a fraction of inspired oxygen concentration 
(FiO2) of 0.30.  
A stabilization period of three hours was applied. To obtain hypotension, blood 
was withdrawn in a stepwise manner until MABP had dropped to approximately 30% of 
normotension 247. The blood withdrawal procedure lasted approximately 15-20 minutes. 
Hypotension was maintained for 2.5 h. At the end of the normotensive stabilization period 
and after 2.5 h of hemorrhagic hypotension, mean values of MABP, Qcar and ECBA were 
calculated over three minutes and cerebral arterial and venous blood samples were 
obtained in order to calculate cerebral O2-supply and O2-consumption values and for 
measurement of the concentrations of NOx in plasma. 
Measurements of MABP, Qcar and ECBA could only be performed in the 
instrumented lambs. Instrumentation of the siblings was not feasible. CSF was obtained at 
the end of the hypotensive period. Thereafter the lambs were sacrificed with an overdose 
of pentobarbital. Within five minutes cerebral cortical tissue was obtained. Since the ewes 
were kept in an optimal ventilatory and circulatory condition until the end of the 
experiment, we assumed that the siblings were in a normotensive (fetal) situation 243. The 
glutamate and aspartate concentration in the CSF and the cGMP concentration in brain 
tissue as well as the MAP2 staining in the siblings were considered to be similar in the 
instrumented lambs during normotension, if CSF and brain tissue could have been 
obtained in these lambs during normotension. Therefore we linked the CSF glutamate, 
cGMP tissue concentration and MAP2 staining scores of the siblings to the physiologic 
normotensive values of the instrumented lambs. 
 
Sampling of body fluids and brain tissue 
Blood was obtained from the right brachial artery in the seven instrumented lambs before 
and after 2.5 h. of hemorrhagic hypotension. CSF was obtained by punction of the cisterna 
magna. After anterior flexion of the neck, the needle was introduced through the foramen 
magnum at a point just below the nuchal ridge until the appearance of CSF. Blood and 
CSF samples were immediately centrifuged (3000 rpm, 10 min) and frozen at –80°C until 
analysis. From each of the seven instrumented lambs and the seven siblings, one cerebral 
cortical tissue sample was dissected from the left parasagittal brain, five mm distal from 
the sutura saggitalis and two mm posterior from the sutura coronalis, adjacent to the EEG 
electrodes. The samples were coded for blinding purposes. Brain tissue samples were 
halved for cGMP determination and MAP2 staining. They were immediately frozen in 
liquid nitrogen en kept in the freezer (-80°C) until analysis. 
 
NOx determination 
Plasma samples from the seven instrumented lambs, before and after 2.5 h. of 
hemorrhagic hypotension, were used to determine NOx. Nitrates, as end-products of the 
cerebral nitric oxide production, were reduced to NO2 by spongy cadmium. The sum of 
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the concentrations of NO2 and NO3 (NOx) was measured after using the Griess reagent. 
Optical density was read at 540 nm (Versamax).  
 
Glutamate and aspartate determination 
The concentrations of glutamate and aspartate were determined in CSF of the 
instrumented lambs after 2.5 h. of hemorrhagic hypotension. Concentrations of glutamate 
and aspartate during normotension were determined in CSF samples of the siblings. 
Frozen aliquots of the samples were unthawed and immediately deproteinized without 
dilution by ultrafiltration through Amicon Ultra-4 devices with 10,000 Dalton membrane. 
The free amino acids were derivatized using Waters AccQ.Fluor reagent kit. Cysteic acid 
was used as internal standard. Separation of the derivatives of cysteic acid, aspartate, 
glutamate, asparagine and glutamine was achieved with Waters HPLC equipment 
provided with a RP8RP C18 column in a 30 min. program. Elution was started with a 
mixture of 91 (v/v)% eluent A (Waters kit) and 9 (v/v)% of a 60 (v/v)% acetonitril in 
water. After 7 min. the ratio was changed to 86:14 %. Fluorimetric detection with 
excitation wavelength of 250 and emission wavelength of 395 nm took place in a Waters 
474 flow cell. Commercially available amino acid mixtures were used for quantification.    
 
cGMP determination 
The brain tissue was homogenized in 6% trichloroacetic acid (TCA). The homogenate 
was centrifuged for 10 min. at 10,000 g. The pellet was washed with TCA, centrifuged 
again, and the supernatants of both centrifugation steps were pooled.  Then, the 
supernatants were cleared of TCA by a fourfold wash with water-saturated diethylether. 
The washed supernatants were dried under N2 and stored at -20°C. The pellet material was 
diluted with distilled water and samples were used for the determination of the protein 
content with the BCA protein assay reagent (Pierce, Rockford, Il, USA).  
The cGMP enzyme immunoassay RPN 226 was used for the determination of the 
cGMP concentration (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, 
UK) in the distilled water dissolved supernatants of brain tissue. The assay, including the 
acetylation procedure, was performed as prescribed by the manufacturer. The enzyme 
reaction was stopped by the addition of sulphuric acid and optical density was read at 450 
nm.  
 
MAP2 staining 
The frozen cerebral cortical tissue samples were cut in slices of 8 µm. 
Immunohistochemistry was performed with cross-reactive mouse-anti-MAP2 (Sigma-
Aldrich, Steinheim, Germany), which is specific for all forms of MAP2.  Sections were 
then incubated with horse-anti-mouse-biotin (Vector laboratories, Burlingame, CA). 
Visualization was performed using vectastain ABC (Vector Laboratories, Burlingame, 
CA). Sections were counterstained with hematoxylin.  
The gray matter tissue was scored for positive immunoreactivity. The observer 
(EvdT) was blinded to the coding. A three-point score was used, were 1=optimal positive 
MAP2 staining (no cerebral cortical tissue damage); 2=suboptimal positive MAP2 
staining (minor cerebral cortical tissue damage); 3=no/minimal positive MAP2 staining 
(extensive cerebral cortical tissue damage and neuronal degeneration) 132;138;171;192.  
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Statistical analysis 
The mean of left and right hemispheric ECBA was used for further analysis. The Mann-
Whitney U test was used to compare values obtained during normotension and after 2.5 h. 
of hemorrhagic hypotension. The Kruskal-Wallis test was used to compare the three 
MAP2 score groups. Spearman correlations were used to test the relationship between 
ECBA and the biochemical parameters. Statistical analysis was performed with the SPSS 
statistical package (SPSS Inc. version 12.0, Chicago, IL, USA). 
 
 
Results 
 
There were no statistically significant differences in birth weight and gender between the 
instrumented lambs and the siblings. Table 1 shows the physiological variables and the 
CSF EAA concentrations during normotensive conditions and after 2.5 h. of hemorrhagic 
hypotension. After 2.5 h. of hemorrhagic hypotension, MABP, Qcar, cerebral O2-supply, 
cerebral O2-consumption, and ECBA were significantly lower and the concentration of 
glutamate was significantly higher as compared to the normotensive situation. Four lambs 
showed extensive cerebral cortical tissue damage, and three lambs showed minor cerebral 
cortical tissue damage. There was a trend towards higher concentrations of aspartate after 
2.5 h. of hemorrhagic hypotension (p=0.06). 
 
Table 1.  Median (range) variables during normotension and after 2.5 h. of hemorrhagic 
hypotension. 
 Normotension 
N=7 
Hypotension 
N=7 
MABP (mm Hg) 62 (60-66) 20 (13-33)¶ 
Qcar (mL/min) 24 (13-53) 8 (2-14) ¶ 
Cerebral O2-supply (mL O2/min) 3.4 (2.1-4.8) 0.3 (0.1-1.2)¶ 
Cerebral O2-consumption (mL O2/min) 0.9 (0.8-1.6) 0.2 (0.1-0.3)§ 
Aspartate (µM) 2.9 (1.9-6.3) 9.6 (3.7-12.8) 
Glutamate (µM) 9.4 (2.8-17.1) 21.6 (10.3-36.2)* 
ECBA 8.7 (7.5-12.0) 2.9 (1.3-7.7)§ 
Mann-Whitney U test compared with normotension. * p<.05; § p<.005; ¶ p<.001 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The relationship between no 
(n=6), minor (n=4) and extensive 
(n=4) cerebral cortical tissue 
damage and cerebral O2-supply 
(p<0.05). Extreme values are 
represented by ∆.  
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Fig. 2. Microscope images of MAP2 stained frozen 8 µm sections of cerebral cortex 
showing no tissue damage (left), minor damage (middle) and extensive damage (right). 
 
Kruskal-Wallis tests showed that cerebral O2-supply was significantly (p<0.05) 
different between the three MAP2 groups (Fig. 1). Fig. 2 shows representative examples 
of the stained cerebral cortical tissue samples. ECBA differed significantly (p<0.05) 
between the MAP2 groups; the more neuronal damage, the lower ECBA (Fig. 3). Mann-
Whitney U tests showed that the group with no damage was significantly (p<0.05) 
different from the minor damage group and the minor damage group was significantly 
(p<0.05) different from the extensive damage group. Glutamate, NOx and tissue cGMP 
respectively were higher in the group with extensive damage than in the groups with no 
damage and minor damage (Fig. 4).  
Spearman correlation tests showed that ECBA was related to glutamate (r: -0.95, 
p = 0.000), to NOx (r: -0.90, p = 0.000) and to cGMP (r: -0.68, p = 0.02).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion 
 
We demonstrated that ECBA is related to the severity of neuronal damage in the 
underlying cerebral cortex during hemorrhagic hypotension in near-term born lambs. The 
significant relationships between ECBA and respectively glutamate, NOx and cGMP 
suggests that the glutamate, NOx, cGMP pathway plays a role in the pathogenesis of 
cortical neuronal damage. Due to the design of the study, we can only speculate about the 
order of the cascade. A causal relationship between this pathway and cortical neuronal 
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Fig. 3. The relationship between no 
(n=6), minor (n=4) and extensive 
(n=4) cerebral cortical tissue 
damage and brain cell function 
(p<0.05).  
Chapter 10 - Hypotension 
 
113 
damage was also shown by Van den Tweel et al. 241 and Zhu et al. 275. To test the 
reversibility of structural and functional neuronal damage was beyond the scope of this 
study. 
The near-term born lamb model was chosen to study cerebral cortical tissue 
damage after 2.5 h. of hemorrhagic hypotension, because the lamb' brain development in 
the last trimester of pregnancy is rather similar to that in the human fetus 181. Not all 
organs mature in the same order and with the same speed in the various species. Indeed, 
the maturational process of the central nervous system and lungs in lambs occur not in the 
same way as in the human fetus and infant. In comparison with the human situation, brain 
maturation is more advanced in the lambs of corresponding gestational age, whereas the 
lung maturation is slower in lambs. However, the lamb model is applicable in fetal as well 
as neonatal studies and there is extensive experience with cerebral hemodynamic studies 
in this animal model 181;187. Furthermore, it is suitable for acute and subacute studies and 
the size of a near-term lamb is adequate to test and monitor multiple organ systems 187.  
This manuscript shows the results of a relative small number of animals. For 
ethical reasons, we did not sacrifice more sheep and lambs than absolutely necessary. 
There was a considerable interanimal variation in the physiological parameters, which 
might reflect the variability in maturation and autoregulatory capacities at this stage of 
fetal development. Despite this variability and the relatively small sample size, we could  
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detect statistically significant decreases in MABP, Qcar, cerebral O2-supply, O2-
consumption and ECBA and a statistically significant increase in glutamate concentrations 
after 2.5 h. of hemorrhagic hypotension. Furthermore, there was a clear trend towards 
higher concentrations of aspartate. However, this increase did not reach statistical 
significance.   
Non-invasive recording of electrocortical brain cell activity by means of EEG 
and CFM-like signals (e.g. ECBA) can be used as a measure for brain cell function in the 
newborn period 175. Moreover, abnormal tracings are related to neonatal death and in the 
survivors to impaired neurodevelopmental outcome 34;211;216. Hellstrom-Westas 86 
compared tape-recorded EEG and amplitude-integrated EEG (CFM) in sick newborn 
infants with gestational ages between 24-41 weeks. She found a good agreement between 
these techniques with regard to assessing brain function. Klebermass et al. 104 evaluated 
the CFM as a tool for neurophysiological surveillance in neonatal intensive care patients. 
They studied high-risk newborn infants with gestational ages between 25-41 weeks and 
found that the correlation between conventional EEG and CFM was 100% .  
The cortical brain tissue samples were obtained from a defined area in the left 
parasagittal cortex, adjacent to the EEG electrodes. Therefore, the results of this study do 
not provide information about differences between cortical regions and white matter 
lesions. Sampling of CSF and brain tissue in the instrumented lambs during both the 
normotensive condition and after 2.5 h. of hemorrhagic hypotension was not feasible. The 
ewes were monitored continuously and were kept in an optimal ventilatory and circulatory 
condition and the umbilical cord was not obstructed during the experiments. Since an 
optimal oxygenation and circulation of the siblings was warranted, we used the CSF and 
brain tissue of the siblings to determine concentrations of glutamate, aspartate and cGMP, 
and MAP2 staining during normotension 243. As expected, low glutamate, aspartate and 
cGMP concentrations were found in the CSF of the siblings as well as an optimal MAP2 
staining. The values of cerebral O2-supply, cerebral O2-consumption and ECBA during 
normotension in this study were comparable to values reported previously 243;245;247.  
Furthermore, the effect of delivery on the physiological and biochemical parameters is 
assumed to be negligible after a caesarian section, in particular after a stabilization period 
of three hours.  
Pettigrew et al. 171 showed in rats that the earliest sign of brain tissue injury could 
already be detected by MAP2 staining 15 min. after focal cerebral ischemia. The loss of 
MAP2 staining after 2.5 h. of hemorrhagic hypotension in near-term lambs as observed in 
this study suggests a loss of brain cell (neuronal) integrity leading to a disturbed brain cell 
function, as shown by ECBA, through mechanisms that very likely involve the glutamate, 
NOx, cGMP pathway.  
Many interconnected pathways are involved in the pathogenesis of perinatal 
hypoxia-ischemia brain injury, including excessive neuronal Ca2+ influx, overproduction 
of EAAs (such as glutamate) and NO release, formation of reactive oxygen species, lipid 
peroxidation and induction of cytokine production 263. There is increasing evidence that 
NO is an important initiator of the neuronal damage following hypoxia-ischemia 38;165.  
The main vasoactive effect of NO is to activate the enzyme sGC and thereby to 
increase the concentration of cGMP. In turn, cGMP activates cGMP-dependent protein 
kinases, which can phosphorylate multiple different proteins to induce vascular relaxation 
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152. cGMP is often used to investigate the NOS/sGC system because of the short half-life 
of NO 56. In this study, the effect of reduced cerebral O2-supply during hemorrhagic 
hypotension is still reflected in the NOx concentrations because we have frozen the 
plasma samples immediately after withdrawal and centrifugation.  
During hypotension, vasodilatation occurs in the cerebral circulation, in contrast 
to the peripheral circulation where vasoconstriction occurs. The concentration of NOx 
seems to be involved in the mechanisms underlying this coupling between O2-supply and 
cerebral vascular tone 94. Therefore, the concentrations of NOx in plasma will reflect 
mainly the cerebral situation. Previously, the concentrations of NOx and cGMP were also 
determined in the human preterm  newborn 108;231. The concentrations of NOx and cGMP 
were suggested to be related to hypotension and brain damage. In preterm infants with 
respiratory distress syndrome, a CO-mediated cGMP increase was found 229. In 
hypotensive immature lamb, this alternative route mediated by CO probably does not play 
a major role, since our results suggest that the concentration of NOx is related to the 
increase in the concentration of cGMP. 
Early recognition of newborns at risk for cerebral damage by means of advanced 
methods of neuroimaging, combined with a rationale for intervention, may result in the 
prevention or reduction of lifelong disabilities 57. We conclude that brain cell function can 
be monitored non-invasively by ECBA and that cortical neuronal damage can be detected 
after 2.5 h. of hemorrhagic hypotension in the near-term born lamb. The damage is 
reflected by a reduction of ECBA. The glutamate, NOx, cGMP pathway is likely to be 
involved in the pathogenesis of cerebral cortical damage. These finding might help to 
understand the pathology and optimize the treatment of hypotensive human neonates. 
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Abstract  
 
Background: Although hypoxemia and hypotension often manifest together in the preterm 
neonate, they actually consist of two different physiological mechanisms. 
Aim: The objective was to compare the minimally required cerebral O2-supply for 
maintenance of brain cell function during hypoxemia and hypotension in near-term lambs. 
Methods: Hereto, lambs were delivered at 141 d or 127 d of gestation. Hypoxemia was 
induced by stepwise reduction of the inspired oxygen concentration. Hypotension was 
induced by stepwise withdrawal of blood. Electrocortical brain activity (ECBA) was 
monitored as a measure of brain cell function. Cerebral arterial blood gases were analyzed 
at the end of each hypoxemic or hypotensive level to calculate cerebral O2-supply.  
Results: Overall threshold levels of cerebral O2-supply for the maintenance of ECBA were 
significantly different (p<0.02) between hypoxemic and hypotensive near-term lambs. 
When comparing the threshold levels between the hypoxemia and hypotension groups 
separately for the 141 and the 127 d lambs, we only found a significant difference in the 
141 d lambs (p=0.03) and not in the 127 d lambs.  
Conclusion: We conclude that brain cell function is likely to be more susceptible for 
deterioration when cerebral O2-supply is the consequence of hypoxemia than when it is 
caused by hypotension. 
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Introduction 
 
Globally, the main direct causes of neonatal death are estimated to be preterm birth (28%), 
severe infections (26%), and asphyxia (23%) 118. The neonatal brain is especially 
vulnerable to changes in blood- and nutrient supply after preterm birth 252. Cerebral O2-
supply is determined by the arterial oxygen content (CaO2) and cerebral blood flow (CBF) 
and can be impaired by hypoxemia and/or hypotension (Fig. 1). During arterial 
hypoxemia, the reduced CaO2 induces cerebrovascular vasodilatation, which leads to an 
increased CBF to maintain cerebral O2-supply and O2-extraction 67. Eventually, this 
compensatory mechanism will fail and hypoxemia will lead to a reduced cerebral O2-
supply to the brain. Cerebral autoregulation is the phenomenon whereby the brain is 
assured of a constant supply of blood despite wide variations in systemic blood pressure 
88. If cerebral autoregulation fails, hypotension results in low CBF and leads therefore to a 
reduction in cerebral O2-supply.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Global overview of the effect of hypoxemia and hypotension on electrocortical 
brain activity (ECBA). 
 
When hypoxemia or hypotension leads to an insufficient cerebral O2-supply to 
meet the cellular demand for oxygen, a sequence of events will be triggered, eventually 
leading to neonatal brain cell dysfunction or injury 40;93;252. Brain injury is a major cause 
of subsequent neurological disability in both preterm and term infants. Although multiple 
causes, e.g. hemorrhage, infection, metabolic derangement, are recognized, hypoxic-
ischemic disease probably predominates 263. Recent follow-up studies have shown that 
academic achievement is poor in more than 50% of all surviving adolescents born very 
preterm 44;235, even in those without evidence of cerebral damage. These results suggest 
that more damage to the brain occurs after preterm birth than can be detected with routine 
imaging techniques and early neurodevelopmental assessments. Therefore, early 
recognition of insufficient cerebral O2-supply might provide possibilities for timely 
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intervention in preterm neonates at risk for brain injury. Since electrical activity is the 
most energy requiring process in the brain 11, brain cell function can best be monitored by 
measurement of cerebral electrical activity.  
Although hypoxemia and hypotension often manifest together in the preterm 
neonate, they actually consist of two different physiological mechanisms. A greater 
understanding of these mechanisms could provide opportunities to intervene 
therapeutically in preterm newborns at risk for brain injury. Previously, we studied the 
threshold levels of cerebral O2-supply during hypoxemia 245 and hypotension 247. In the 
present paper, data from both studies were used to compare the minimally required 
cerebral O2-supply for maintenance of brain cell function in both conditions in near-term 
lambs. 
 
 
Methods 
 
The studies were approved by the Institutional Animal Care and Use Committee of the 
University of Nijmegen before implementation. 
 
Animal preparation and instrumentation 
Pregnant ewes of Dutch Texel breed were operated on at 141 days or 127 days of 
gestation (term: 147 d) under general anesthesia with 3% isoflurane. After a polyvinyl 
catheter was inserted into the ewe’s jugular vein, anesthesia was continued with infusion 
of 600 mg/h ketamine hydrochloride and 15 mg/h midazolam. An arterial catheter was 
placed into the left carotid artery of the ewe for measurement of mean arterial blood 
pressure (MABP) and blood gas sampling. The ewe was monitored throughout the 
experiment.  
The pregnant horn of the uterus was exposed through a midline incision in the 
ewe’s abdomen, and a uterus incision was made over the fetal head. The fetus’ head and 
right fore limb were delivered and an occluder was placed around the umbilical cord, but 
was not clamped yet. A polyvinyl catheter (outer diameter (OD): 2.1 mm) was placed in 
the right brachial vein for administration of ketamine hydrochloride (10 mg/kg⋅h), glucose 
5% (2 mL/kg⋅h) and antibiotics (amoxicillin and gentamicin). Furthermore, the right 
brachial artery (polyvinyl catheter, OD: 2.1 mm, with its catheter tip in the arcus aortae) 
and the right jugular vein (polyurethane catheter, OD: 0.9 mm) were cannulated for 
measurement of the MABP and arterial and venous blood gas sampling. The venous 
catheter was inserted in the cranial direction of the right jugular vein to obtain information 
on the venous cerebral compartment. Arterial and venous blood gases were analyzed with 
a blood gas analyzer (ABL 510, Radiometer Medical A/S, Copenhagen, Denmark). 
Oxygen saturation values were corrected for interspecies differences according to Nijland 
et al. 153. Arterial and venous blood pressures were measured with disposable transducers 
(Edwards Life Sciences BV, Los Angeles, USA). 
After exposing the left carotid artery, we applied an appropriately sized 
perivascular transit-time ultrasonic blood flow transducer (2SL, S or B, Transonic System 
Inc., New York, USA) to fit around the vessel in order to assess changes in carotid artery 
blood flow (Qcar). Changes in Qcar were used to assess changes in CBF. A close linear 
Chapter 11 - Hypoxemia and Hypotension 
 
121 
relationship between Qcar and CBF, determined with radioactive microspheres, was 
reported by Van Bel et al. 230.  
Cerebral O2-supply and cerebral O2-extraction were respectively calculated as 
follows: 
O2-supply (mL O2/min)= Qcar x CaO2,  
O2-extraction = SaO2-SvO2,  
with arterial oxygen content:  
CaO2 (mL O2/mL)= SaO2 x Hb (g/dL) x 1.36 (mL O2/g Hb)/100. 
Two disposable subdermal needle electrodes for electroencephalogram (EEG) 
recordings (Oxford Instruments B.V., Gorinchem, the Netherlands) were positioned on the 
parietal regions of the skull, and one electrode on the occipital region as a reference. 
Electrocortical brain activity (ECBA) was calculated as the Root Mean Square (RMS) 
value of a band filtered (2-16 Hz) one-channel EEG and is comparable with a voltage 
scale.  
 
Glucose and lactate 
Blood for glucose and lactate measurements was collected in special syringes and 
immediately centrifuged (3000 rpm, 10 min.). 500 µL Serum was frozen at -80 0C until 
analysis. Routine spectrophotometric laboratory tests (Cobras Mira automatic 
turbidimetry analyzer) were performed to determine glucose and lactate concentrations. 
 
General experimental procedure 
After instrumentation, the lungs of the lambs were intubated and ventilation was started 
using a continuous flow pressure, controlled ventilator (Babylog 1 HF, Dräger, Lübeck, 
Germany). Surfactant (Survanta, Ross Laboratories, Columbus, OH, USA) was 
administered if necessary to achieve adequate ventilation and oxygenation with a FiO2 of 
0.30. 
When the lamb was in an optimal ventilatory (PaO2: 10-14 kPa, PaCO2: 4.5-6.0 
kPa, pH: 7.3-7.4, SaO2> 90%) and circulatory (MABP: 50-65 mm Hg) condition, we 
clamped the umbilical cord to mimic an extrauterine condition. The instrumented lamb 
was kept partially in the uterus and covered with a warm blanket in order to maintain an 
optimal body temperature (nasal temperature 39 ºC). 
A stabilization period of three hours was applied. MABP, Qcar and ECBA were 
recorded with a computer system and stored for further analysis (MIDAC, Biomedical 
Engineering Department, Radboud University Nijmegen Medical Center, Nijmegen, the 
Netherlands). At the end of the stabilization period, mean baseline values of MABP, Qcar 
and ECBA were calculated over three minutes in the instrumented lamb and cerebral 
arterial and venous blood samples were obtained for blood gas analysis and for 
determination of glucose and lactate concentrations. 
 
Thereafter either hypoxemia or hypotension was induced.  
 
Hypoxemia 
Hypoxemia was induced in five lambs of 141 days of gestation and in seven lambs of 127 
days of gestation by lowering the CaO2 by means of stepwise reduction of the inspired 
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oxygen concentration by mixing air with increasing amounts of nitrogen 245. Each 
hypoxemic (CaO2) level was maintained for 15 min. At the end of each hypoxemic level, 
cerebral arterial and venous blood gases were determined. The hypoxemic levels were 
separated by recovery periods to return to baseline ventilatory conditions. The total 
duration of these experiments was approximately 2.5 h. after the baseline period.  
 
Hypotension 
Hypotension was induced in six lambs of 141 days of gestation and six lambs of 127 days 
of gestation. To obtain graded hypotension, blood was withdrawn in a stepwise manner 
247. Per step, approximately 25 mL/kg were removed in order to reach a 5-10 mm Hg 
MABP reduction. Each hypotensive (MABP) level was maintained for 15 min., at the end 
of which arterial and venous blood gases were determined. The total duration of these 
experiments was approximately 2.5 h. after the baseline period.  
 
Statistical analysis 
The mean of the left and right hemispheric ECBA was used for further analysis. 
Differences in MABP, CaO2, cerebral O2-supply, cerebral O2-extraction and ECBA, pH, 
glucose, lactate values between the hypoxemia and hypotension groups and between the 
gestational age (GA) groups were assessed with Mann-Whitney U tests.  
In order to compare the response of ECBA to a reduction in cerebral O2-supply, 
the data of the hypoxemic and the hypotensive lambs were divided in O2-supply groups of 
0.20 (0≤O2-supply<0.5), 1.0 (0.5≤O2-supply<1.5), 2.0 (1.5≤O2-supply<2.5), 3.0 (2.5≤O2-
supply<3.5), 4 (3.5≤O2-supply<4.5), and 5 (O2-supply≥4.5) mL/min. 
The "best" prediction of a continuous dependent variable for any value of a 
continuous independent variable is a line that minimizes the distance between the data and 
the fitted line. The standard method to approach the "best" prediction is called least 
squares regression. When this method is used to fit a regression line, the sum of the 
squares of the vertical distances (residuals) of the observations from the line is minimized. 
Each distance is the difference for an individual between the observed value and the value 
given by the line, known as the fitted value 4. Therefore, the threshold values of cerebral 
O2-supply for the maintenance of ECBA were determined in the individual lambs by 
repetitively fitting a regression model of two straight lines through the data above and 
below a testpoint. The threshold was defined as the testpoint where the total residual sum 
of squares from the two fitted lines was minimal 150;237;245. 
Statistical analyses were performed with the SPSS statistical package (SPSS Inc., 
version 12, Chicago, IL, USA). 
 
 
Results 
 
All lambs were in an optimal ventilatory and circulatory condition at the beginning of the 
experiments. Mean ± SEM birth weights were 4.0 ± 0.1 and 3.1 ± 0.0 kg in respectively 
141 d and 127 d lambs. Mean ± SEM values of the physiologic variables during baseline 
conditions and after respectively hypoxemia and hypotension are presented in Tables 1 
and 2.  
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Table 1. Mean ± SEM physiologic variables during baseline conditions and after 
hypoxemia 
 baseline  hypoxemia 
Gestational age (days) 141 d 127 d 141 d 127 d 
MABP (mmHg) 59.0 ± 5.6 54.1 ± 4.5 49.7 ± 7.1 25.5 ± 4.1 
CaO2 (mL/dL) 11.8 ± 2.9 10.3 ± 2.0 1.4  ± 0.4 1.4 ± 0.2 
Cerebral O2-supply 
(mL/min) 
4.0 ± 0.9 3.2 ± 0.6 1.1 ± 0.1 0.3 ± 0.2 
O2-extraction  0.22 ± 0.1 0.19 ± 0.1 0.02 ± 0.0 0.03 ± 0.0 
ECBA (µV) 17.4 ± 1.05 7.6 ± 1.4 4.8 ± 1.8 4.4 ± 1.4 
pH 7.32 ± 0.1 7.26 ± 0.0 7.19 ± 0.0 7.06 ± 0.0 
Glucose (mmol/L) 1.6 ± 0.2 1.7 ± 0.2 2.7 ± 0.6 2.0 ± 0.2 
Lactate (mmol/L) 3.5 ± 0.5 3.6 ± 0.7 6.7 ± 1.4 13.3 ± 2.9 
 
Table 2. Mean ± SEM physiologic variables during baseline conditions and after 
hypotension. 
 baseline hypotension 
Gestational age (days) 141 d 127 d 141 d 127 d 
MABP (mmHg) 63.2 ± 2.6 54.4 ± 6.3 17.9 ± 3.3 21.7 ± 3.0 
CaO2 (mL/dL) 12.4 ± 1.6 16.7 ± 1.5 5.0 ± 0.8 6.5 ± 0.6 
Cerebral O2-supply 
(mL/min) 
4.1 ± 1.0 3.7 ± 0.4 0.5 ± 0.3 0.3 ± 0.0 
O2-extraction  0.28 ± 0.1 0.24 ± 0.0 0.47 ± 0.1 0.37 ± 0.0 
ECBA (µV) 14.3 ± 2.0 7.6 ± 1.2 4.8 ± 2.4 2.8 ± 0.6 
pH 7.41 ± 0.0 7.37 ± 0.0 7.19 ± 0.1 7.12 ± 0.1 
Glucose (mmol/L) 1.8 ± 0.4 1.7 ± 0.2 4.7 ± 1.4 2.2 ± 0.3 
Lactate (mmol/L) 4.6 ± 0.6 3.7 ± 0.5 13.3 ± 1.8 8.1 ± 1.8 
 
Differences between hypoxemia and hypotension 
Within each GA-group, no statistically significant differences between the hypoxemia and 
hypotension baseline values were observed. There were, however, statistically significant 
differences between the values of the physiological variables after hypoxemia and 
hypotension. In the 141 d lambs, MABP was significantly lower after hypotension than 
after hypoxemia. In both GA-groups, CaO2 and cerebral O2-extraction were significantly 
lower after hypoxemia than after hypotension; whereas cerebral O2-supply, pH, glucose 
and lactate concentrations, and ECBA were not significantly different. 
 
Differences between 141 and 127 d lambs 
Within the hypoxemia and hypotension groups, no statistically significant differences 
were found between the 141 d and the 127 d lambs' baseline values, except for a higher 
ECBA value in the 141 d lambs than in the 127 d lambs. This difference was statistically 
significant in the hypotension experiments (p=0.02), but not in the hypoxemia 
experiments (p=0.06). After hypoxemia, the MABP of the 127 d lambs was statistically 
lower than the MABP of the 141 d lambs.  
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Fig. 2 presents the response of ECBA to reduced levels of cerebral O2-supply during 
hypoxemia and hypotension in the 141 d and the 127 d lambs. Within each GA-group, no 
significant differences in ECBA were observed between the hypoxemia and hypotension 
groups at the various cerebral O2-supply levels, except for a cerebral O2-supply of 1 
mL/min in the 141 d lambs (p=0.03).  
 
Thresholds of cerebral O2-supply 
Mean ± SEM thresholds of cerebral O2-supply below which ECBA deteriorated in the 
individual hypoxemic lambs were not statistically different between the GA-groups: 1.8 ± 
0.2 and 1.6 ± 0.1 mL O2/min in respectively 141 d and 127 d lambs. The overall threshold 
level in the near-term hypoxemic lambs was 1.7 ± 0.0 mL/min 245. 
Mean ± SEM thresholds of cerebral O2-supply below which ECBA deteriorated 
in the hypotensive lambs were not statistically different between the GA-groups: 0.9 ± 0.2 
and 1.2 ± 0.1 mL O2/min in respectively 141 d and 127 d lambs. The overall threshold 
level in all lambs was 1.1 ± 0.2 mL O2/min 247. 
Overall threshold levels of cerebral O2-supply for the maintenance of ECBA 
were significantly different (p<0.02) between hypoxemic and hypotensive lambs. When 
comparing the threshold levels between the hypoxemia and hypotension groups separately 
for the 141 and the 127 d lambs, we only found a significant difference in the 141 d lambs 
(p=0.03) and not in the 127 d lambs.  
 
 
Discussion 
 
We used the near-term newborn lamb to study the effects of hypoxemia and hypotension 
on electrocortical brain cell function. We are the first to describe this relation in an 
extrauterine condition in near-term lambs. This animal model was chosen because brain 
development in the last trimester of pregnancy is rather similar in the ovine and the human 
fetus. Furthermore, there is extensive experience with cerebral hemodynamic studies in 
this animal model 181;187. 
ECBA was used as a measure of brain cell function. It has been demonstrated 
that it correlates to cerebral energy failure in the near-term lamb 243. Baseline ECBA 
Fig. 2. Mean ± SEM ECBA during 
hypoxemia and hypotension at 
different levels of cerebral O2-supply 
during hypoxemia and hypotension 
in 141 d and 127 d lambs. 
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values were lower in the 127 d lambs than in the 141 d lambs. This is probably due to the 
differences in cortical thickness and number of synapses between lambs of different GA’s. 
There were no significant differences in baseline ECBA values between the hypoxemia 
and the hypotension experiments.  
Although the maturation of the compensatory and autoregulatory mechanisms is 
still in progress in the last trimester of pregnancy, we previously found that the threshold 
of cerebral O2-supply below which the near-term lamb could not maintain ECBA was 
similar in lambs of 141 and 127 days of gestation. During hypoxemia, an overall threshold 
of 1.7 ± 0.0 mL/min was demonstrated for 141 and 127 d lambs 245. During hypotension 
an overall threshold of 1.1 ± 0.2 mL O2/min was demonstrated for 141 and 127 d lambs 
247. 
The overall threshold of cerebral O2-supply for maintenance of ECBA was 
significantly higher in hypoxemic than in hypotensive near-term born lambs. Interestingly, 
near-term born lambs could sustain a reduced cerebral O2-supply better when the decrease 
was caused by hypotension than when it was caused by hypoxemia. We cannot rule out 
the possibility that this is due to methodological differences (e.g. recovery periods in the 
hypoxemia experiments can lead to the formation of free radicals, which contribute to 
brain cell damage 28;38;47). Nevertheless, though blood flow was very low, the hypotensive 
lambs were still capable of extracting oxygen from the blood. The near-term lambs appear 
to be able to increase their O2-extraction after 2.5 h. of hypotension, and not anymore after 
2.5 h. of hypoxemia, while cerebral O2-supply levels were comparably low after 
hypoxemia and hypotension. The absence of an increase in O2-extraction after hypoxemia 
might also reflect hypoxic hypometabolism. This is a regulated response, largely based on 
inhibition of thermogenesis, that contributes to the ability of newborn mammals to survive 
hypoxic episodes 147.  
The difference in threshold level of cerebral O2-supply for the preservation of 
brain function was not significantly different between the hypoxemia and the hypotension 
experiments in the 127 d lambs, in contrast to the 141 d lambs. We might therefore 
speculate that in 127 d the responsible physiological mechanism for the decrease in 
cerebral O2-supply does not play an important role, because at this GA the compensatory 
or autoregulatory mechanisms were not fully developed 245;247 and the capability to 
increase O2-extraction was less than in the 141 d lambs. The near-term lamb of 127 d 
probably undergoes reductions in cerebral O2-supply more passively than the 141 d lambs. 
As a consequence, the brain cells sustain energy shortage and damage, which eventually 
results in deterioration of brain cell function. The fact that the threshold level of cerebral 
O2-supply for the preservation of brain function was significantly different between 
hypoxemia and hypotension in the 141 d lambs leads to think that this is related to the 
autoregulatory and compensatory capacities, as well as to the capability to increase 
cerebral O2-extraction in this GA-group.  
Early recognition of at risk newborns by means of advanced methods of 
neuroimaging, combined with a rationale for intervention, may result in the prevention or 
reduction of lifelong disabilities 57. These studies have shown that brain cell function can 
be monitored non-invasively by ECBA and have provided an indication of the threshold 
values of cerebral O2-supply during hypoxemic and hypotensive conditions in the near-
term newborn infant. However, one should always be careful when extrapolating results 
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from animal studies to the human situation. Nevertheless, we can conclude that brain cell 
function is likely to be more susceptible for deterioration when cerebral O2-supply is the 
consequence of hypoxemia than when it is caused by hemorrhagic hypotension. This is 
probably related to the development of compensatory and autoregulatory capacities, as 
well as the capability to increase O2-extraction, in situations of compromised cerebral 
oxygenation.  
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Summary 
 
 
This thesis describes the effects of hypoxemia and hypotension on brain cell function and 
brain metabolism in the near-term born lamb. Electrocortical brain activity (ECBA), 
which was used as a measure of brain cell function, was correlated to measures of energy 
failure and brain cell damage. 
In chapter 2, we showed that the threshold value of cerebral O2-supply, below 
which electrocortical brain dysfunction occurs, is 1.7 mL/min during prolonged 
hypoxemia in preterm lambs of 141, 134 and 127 days of gestation. The physiological 
compensatory and autoregulatory mechanisms to withstand reduced levels of cerebral O2-
supply are not equally well developed in lambs born at these gestational ages. This 
implies that the brain of preterm newborns is very vulnerable to episodes of hypoxemia.  
In chapter 3, we estimated with near-infrared spectroscopy in near-term born 
lambs that the threshold for maintenance of ECBA was reached when the concentration of 
cerebral oxyhemoglobin decreased approximately 3 µmol/100g, and the concentration of 
cerebral deoxyhemoglobin increased approximately 4 µmol/100g during prolonged 
hypoxemia.  
In chapters 4 and 5, we demonstrated that brain cell function was related to 
concentrations of purine and pyrimidine metabolites and to the concentrations of the 
excitatory amino acids (EAAs) (especially glutamate) in the cerebrospinal fluid (CSF) of 
near-term born lambs. During prolonged hypoxemia, ECBA decreased, while the 
concentration of purines, pyrimidines and EAAs increased. 
In chapter 6, we demonstrated that the threshold of cerebral O2-supply during 
hemorrhagic hypotension was 1.1 mL O2/min in near-term born lambs of 141 and 127 
days of gestation. The threshold of cerebral O2-supply was reached at higher mean arterial 
blood pressure (MABP) levels at 127 days of gestation than at 141 days of gestation, 
which suggests that the preterm neonate is more at risk for disturbed brain cell function.  
In chapter 7, we demonstrated that near-infrared spectroscopy can be used as a 
non-invasive tool to monitor O2-supply to the brain during hemorrhagic hypotension in 
the near-term born lamb. Changes in MABP and cerebral O2-supply were reflected by 
changes in the oxygenation state of cerebral hemoglobin. 
In chapter 8, a negative relationship between brain cell function and the 
concentrations of inosine, hypoxanthine, xanthine and uridine in the CSF of near-term 
born lambs was demonstrated after hemorrhagic hypotension.  
In chapter 9, we showed that the decrease in brain cell function after hemorrhagic 
hypotension was also associated with an increase in the concentrations of glutamate and 
aspartate in the  cerebral microdialysate of near-term born lambs.  
In chapter 10, cortical neuronal damage was detected histologically in brain 
tissue sections of near-term born lambs after hemorrhagic hypotension. The damage was 
reflected by a reduction of ECBA. It was demonstrated that the glutamate, NOx, cGMP 
pathway is likely to be involved in the pathogenesis of cerebral cortical damage 
In chapter 11, the thresholds of cerebral O2-supply for preservation of brain cell 
function in hypoxemic and hypotensive near-term born lambs were compared. Near-term 
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born lambs seemed to be able to sustain a reduced cerebral O2-supply better when the 
decrease was caused by hemorrhagic hypotension than when it was caused by hypoxemia. 
The difference in threshold level between the hypoxemia and the hypotension experiments 
was not statistically significant at 127 days of gestation, in contrast to the difference at 
141 days of gestation. We speculated that in 127 d lambs the responsible physiological 
mechanism for the decrease in cerebral O2-supply did not play an important role because 
the compensatory and/or autoregulatory mechanisms were not fully developed at this 
gestational age 247, and the capability to increase O2-extraction was less than in the 141 d 
lambs. The fact that the threshold level of cerebral O2-supply for the preservation of brain 
function was significantly different between hypoxemia and hypotension in the 141 d 
lambs leads to think that this is related to the autoregulatory and compensatory capacities, 
as well as the capability to increase O2-extraction, which were observed in this gestational 
age group.  
 
 
General Discussion 
 
Methodological discussion. 
These studies have shown that brain cell function can be monitored non-invasively by 
electrocortical brain activity (ECBA). They have provided threshold values of cerebral 
O2-supply during hypoxemia and hypotensive conditions in the near-term newborn lamb. 
However, one should always be careful when extrapolating results from experimental 
animal studies to the clinical human situation. 
The methods described in this thesis were already discussed in the appropriate 
chapters. The following sections discuss in greater detail some aspects of these methods. 
 
Animal model  
Although the choice of animal is important, as marked differences exist between species 
in the timing of the brain growth spurt in relation to birth, no consensus has been reached 
on this subject so far 187. The fetal sheep, the newborn lamb and the piglet are comparable 
in size to human newborn infants. However, it has not been well established whether their 
brains can be compared to human newborn brains 187. Not all organs mature in the same 
order and with the same speed in the various species. Indeed, the maturational process of 
the central nervous system and lungs in lambs occur not in the same way as in the human 
fetus and infant. In comparison with the human situation, brain maturation is more 
advanced in the lambs of corresponding gestational age, whereas the lung maturation is 
slower in lambs. However, the lamb model is applicable in fetal as well as neonatal 
studies and there is extensive experience with cerebral hemodynamic studies in this 
animal model 181;187. Furthermore, this model is suitable for acute and subacute studies and 
the size of a near-term lamb is adequate to test and monitor multiple organ systems 187. 
The neonatal brain is especially vulnerable to changes in blood- and nutrient 
supply after preterm birth. Most studies that describe the outcome of preterm infants are 
based on birth weight and thus confound the effects of low birth weight as such with those 
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of intrauterine growth restriction 135. However, physicians and parents contemplating the 
prognosis of preterm infants require reliable information based on gestational age with 
which to plan care around the time of birth and thereafter.  
In contrast to humans, there are no unequivocal definitions for "preterm birth" 
and "near-term birth" in sheep. We were interested in assessing the effect of cerebral 
oxygenation disturbances on brain cell function and brain cell metabolism in an 
extrauterine (neonatal) condition, because this mimics the clinical situation of the at risk 
near-term newborn infant. Born et al. 23 describe the viability of preterm born lambs that 
were delivered by caesarian section. They state that the viability of the preterm lamb after 
delivery with assisted ventilation with oxygen was not feasible in lambs younger than 110 
days of gestation. In the past, lambs of 90-100 days of gestation were used to study the 
preterm brain 203, but, to our knowledge, only in fetal models. Studying lambs of 90 days 
of gestation in an extrauterine condition would not have been feasible because of the 
immature lungs. Davidson  et al. 39 also used a neonatal lamb model; lambs of 125-127 
days of gestation were used and were referred to as immature lambs. Walther et al. 264 
studied lambs with a minimal gestational age of 117 days of gestation. However, the 
immature lambs in the studies of Davidson et al. 39 and Walther et al. 264 were not 
challenged with a hypoxemic or hypotensive insult. In contrast, they were optimally 
ventilated throughout the study period and were not brought under severe hypoxemic or 
hypotensive conditions. Szymonowicz et al. 203 used the term "near-term fetal lambs" for 
fetal lambs of 125-136 days of gestation. We have applied the term "near-term" for lambs 
of 127-141 days of gestation in most chapters of this thesis.  
In some chapters of this thesis, we used siblings to determine baseline levels of 
purine and pyrimidine metabolites, excitatory amino acids (EAAs), cyclic guanosine 3',5'-
monophosphate (cGMP) concentrations, and microtubule-associated protein 2 (MAP2) 
staining (chapters 4, 5, 8 and 10). We acknowledge that, for methodological reasons, it 
would have been preferable to determine baseline values in a group of instrumented lambs 
that was not exposed to hypoxemia or hypotension. However, for practical and financial 
reasons it was not feasible to perform these extra experiments. Furthermore, for ethical 
reasons it is desirable to minimize the number of animals. Siblings are ideal for 
comparison since they do not differ in gestational age or maternal condition with the 
instrumented lambs.  
 
Anesthesia 
For technical and ethical reasons it was necessary to study the lambs in an anesthetized 
state. Burrows et al. 29 demonstrated that in the presence of adequate ventilation, ketamine 
produces no significant cardiovascular effects in preterm lambs. In general, anesthetic 
agents produce an alteration in the electroencephalogram (EEG) and evoked responses 
consistent with their clinical effect on the central nervous system. Therefore, ketamine 
treatment might have influenced the recorded ECBA. However, other anesthetics may 
even have had a more profound effect on ECBA. Halogenated inhalation anesthetics 
produce dose-related reduction in EEG amplitude and frequency after an initial activation. 
Intravenous sedative-hypnotic drugs (droperidol, barbiturates, benzodiazepines, propofol) 
also produce dose-related depression of the EEG after initial activation and dose-related 
depression of evoked responses, but to a lesser extent than do the inhalation agents. 
Intravenous analgesic agents (opioids, ketamine) are associated with less marked changes 
in EEG and evoked responses than halogenated inhalation anesthetics 199. Furthermore, if 
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ketamine had caused an activation of cerebral function, this activation should have been 
paralleled by increases in cerebral blood flow (CBF), according to Kochs et al. 107. Since 
we found similar CBF values for near-term lambs as other groups 65;230, we assume that 
ketamine has not influenced ECBA to a large extent.  
In the present study, recordings of ECBA in the instrumented lambs (both 
baseline as at the end of prolonged hypoxemia or hemorrhagic hypotension) were made 
during the same depth of anesthesia. Therefore, changes between baseline and 
respectively hypoxemic and hypotensive values cannot be attributed to an anesthetic 
effect, but to changes in cerebral O2-supply. 
Glutamate and aspartate concentrations were determined in the instrumented 
lambs and their siblings during anesthesia; both the instrumented lamb as the ewe 
received ketamine, and ketamine readily passes the placental barrier 45;54;201. The 
physiological and pathological effects of glutamate and aspartate in the central nervous 
system are mediated through interaction with specific cell membrane receptors, of which 
the N-methyl-D-aspartate (NMDA), kainate and alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) subtypes are the best characterized 18;68;119;146;214. 
Ketamine is a noncompetitive NMDA receptor antagonists, in that it does not bind 
directly to the NMDA receptor. Rather, it binds to a receptor distinct from the NMDA 
receptor, but located within the ion channel, thereby interfering with the glutamate-
induced Ca2+ influx 51;148. Since ketamine is used both in the instrumented lambs and in 
the siblings, we do not expect that the observed difference in glutamate concentrations 
between baseline conditions, as measured in the siblings, and conditions of reduced 
cerebral O2-supply in the instrumented lambs was influenced by ketamine. Furthermore, 
other groups have found similar baseline glutamate concentrations in microdialysate of 
(fetal) lambs and sheep 35;99;122;126. 
 
Cerebral blood flow 
It has been assumed that arterial carbon dioxide tension (PaCO2) and, to a lesser extent 
cerebral arterial oxygen content (CaO2), primarily regulate CBF in the fetus as well as in 
the adult. Although earlier studies in acutely anesthetized, exteriorized fetal lambs 
supported this concept 49;179, subsequent studies in the chronically catheterized fetal and 
newborn lamb not only failed to support these findings, but showed that arterial oxygen 
tension (PaO2) or CaO2 was the major determinant and that fetal (128-132 days of 
gestation) responsivity to PaCO2 changes was less than in the newborn (3-10 days) or 
adult animal 10;103;188. We measured CaO2 as well as PaO2 and PaCO2 in the near-term 
born lamb. 
In humans, a large(r) proportion of CBF is derived from the vertebral arteries, 
whereas in the sheep flow is provided largely by the carotid arteries. The design of the 
studies presented in this thesis did not allow the use of microspheres in order to determine 
CBF. However, carotid artery blood flow (Qcar), measured with a flow probe applied 
around the carotid artery, provides an accurate prediction of CBF, as determined with 
radioactive microspheres, even under conditions of reduced cerebral O2-supply. Both 
Gratton et al. 65 and Meadow et al. 142 assessed the reliability of Qcar as a measure of CBF 
during severe hypoxemia in the fetus and the newborn. Gratton et al. 65 studied this 
relationship in the fetal lamb, whereas Meadow et al. 142 used a piglet model.  
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Since Qcar is a commonly used technique to estimate CBF we could compare our 
baseline values with those from the literature and we observed similar Qcar values for 
near-term lambs in our studies 65;230.  
 
Electrocortical brain activity  
The clinical usefulness of EEG as a bedside tool is limited by the difficulties inherent to 
both monitoring and interpretation. A high degree of technical expertise is required for 
good quality multichannel recordings and a neurophysiological expert is required to 
interpret the large data volumes. Cerebral Function Monitor (CFM) correlates well to 
conventional multichannel EEG evaluation of cortical neuronal activity. Hellstrom-
Westas 86 compared tape-recorded EEG and amplitude-integrated EEG (CFM) in sick 
newborn infants with gestational ages ranging from 24 to 41 weeks. She found a good 
agreement between these techniques with regard to assessing brain function. Klebermass 
et al. 104 evaluated the CFM as a tool for neurophysiological surveillance in neonatal 
intensive care patients. They studied high-risk newborn infants with gestational ages 
between 25 and 41 weeks and found that the correlation between conventional EEG and 
CFM was 100% in those patients. 
The CFM offers a simple method for continuous evaluation of cerebral function. 
Conventional CFM provides a semi-logarithmic amplitude distribution plot of a single 
channel EEG through amplification, bandpass filtering (2-16 Hz), compression, 
rectification and smoothing. The signal is then recorded at slow speed and is very well 
suited for visual evaluation. Abnormal patterns, including discontinuous patterns that are 
predictive of poor outcome, such as burst-suppression patterns, electrocerebral inactivity 
(e.g. flat trace), or extremely low-voltage patterns, can be recognized 87. CFM activity has 
been estimated by drawing a weighted line through the upper and lower edges of the trace 
as a measure of the minimum and maximum levels of cerebral activity. Viniker et al. 257 
suggested that a horizontal line is drawn through the 10th highest and the 10th lowest 
amplitude points for a 2 minute duration and used as indices of maximum and minimum 
cerebral activity. We visually evaluated the CFM patterns and used the technique 
described by Viniker et al. 257 in the chapters 4 and 5 of this thesis. 
Although many authors have tried to express electrical activity derived from the 
CFM signal on a numerical scale, calculating means from a semi-logarithmical scale is, to 
our opinion, not a logical step in signal analysis. Therefore, from a signal analytical point 
of view, we have used a slightly different approach. We also used a 2-16 Hz band filtered 
one-channel EEG. But, we calculated the mean of the squared signal (mean power). The 
result is presented as the root from this signal. ECBA is thus calculated as the Root Mean 
Square (RMS) value of a band filtered (2-16 Hz) one-channel EEG and is comparable 
with a voltage scale.  
We would like to point out that we do not claim that conventional EEG can be 
replaced by CFM or CFM-like calculations such as ECBA. CFM and ECBA are rather 
crude estimates of cortical cerebral activity and can be used as a screening tool, if needed 
supplemented with a full EEG recording.  
 
Statistics 
The studies presented in this thesis show the results of a relative small number of animals. 
The use of a greater number of lambs would have given a greater power in testing the 
presented relationships and differences. There is always debate about the adequate number 
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of animals in experimental studies. Our opinion is that, for ethical reasons, no more sheep 
and lambs should be sacrificed than absolutely necessary. Since we could reach statistical 
significance with only small numbers of lambs, we felt that using more animals in each 
group was not ethical.  
The "best" prediction of a continuous dependent variable for any value of a 
continuous independent variable is a line that minimizes the distance between the data and 
the fitted line. The standard method to approach the "best" prediction is called least 
squares regression. When this method is used to fit a regression line, the sum of the 
squares of the vertical distances (residuals) of the observations from the line is minimized. 
Each distance is the difference for an individual between the observed value and the value 
given by the line, known as the fitted value 4. Therefore, the threshold values presented in 
this thesis were determined in the individual lambs by repetitively fitting a regression 
model of two straight lines through the data above and below a testpoint. The threshold 
was defined as the testpoint where the total residual sum of squares from the two fitted 
lines was minimal. This technique was also used by others 150;164;237.  
 
Hypoxemia 
We used a stepwise reduction of the inspired oxygen concentration to accomplish a range 
in CaO2. Alveolar hypoxemia is a very frequently used procedure in physiology to 
challenge control systems, receptors and even cellular behavior 91;139;155;221;270. This 
procedure is based on the decrease in oxygen tension in the alveoli and arterial blood, and 
the decrease in the hemoglobin saturation, all leading to a decrease in CaO2 27. Based upon 
this reasoning it could be proposed that the O2-supply to all body tissues would decrease 
equally and in direct proportion to the decrease in CaO2. However, this is not the case 
since there are compensatory mechanisms that maintain and redistribute the blood flow to 
vital organs, like heart and brain 168. Therefore, a decrease in inspired oxygen 
concentration and CaO2 does not necessarily produce changes at the neuronal level. 
Biological variation between animals resulted in a range of CaO2 and cerebral O2-supply 
values. This allowed us to compare cerebral electrical activity with oxygenation status. 
It is virtually impossible to induce severe decreases in cerebral O2-supply solely 
by means of hypoxemia. There will always be interplay between hypoxemia and ischemia. 
Hypoxemia increases CBF adequately to maintain brain metabolism stable until cerebral 
ischemia supervenes owing to cardiac depression and systemic hypotension 249. During 
hypoxemia, blood pressure will remain relatively stable as long as the myocardium is able 
to sustain cardiac output 21. However, if the myocardium fails, blood pressure will 
ultimately decrease. Inadequate CBF for maintenance of cerebral O2-supply shifts oxygen 
metabolism to anaerobic glycolysis and sets in motion a cascade of metabolic processes, 
leading to perinatal hypoxic-ischemic cerebral injury 128. We observed that the 
compensatory ability to preserve cerebral O2-supply during prolonged hypoxemia in order 
to meet the cellular needs for adequate brain cell function was not sufficient in near-term 
born lambs 245. 
 
Hypotension 
The pathogenesis of hypotension in the human preterm infant is rather complicated. Low 
blood pressure, a common problem in the care for human preterm infants, usually arises 
from the interplay of ductal shunting, high or low vascular resistance, poor myocardial 
function and interaction with positive pressure ventilation, and not only from blood or 
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fluid loss 262. We have chosen to induce hypotension by withdrawal of blood; a method 
that has been applied by many other research groups 10;52;88;111;114;156;176;224;225.  
Cerebral autoregulation is the phenomenon by which the brain is assured of a 
constant supply of blood despite wide variations in systemic blood pressure 88. If cerebral 
autoregulation fails, hypotension results in low CBF and leads therefore to a reduction in 
cerebral O2-supply. Although our hypotension studies were not designed to test the 
autoregulatory capacities of near-term born lambs, a striking finding was that in all 127 d 
lambs a linear relationship between mean arterial blood pressure (MABP) and CBF was 
found, whereas in the 141 d lambs CBF was preserved over a (wide) range of MABP 
values. This linear relationship between MABP and Qcar in the 127 d lambs is probably 
due to immature autoregulation. This observation is supported by the observed failure of 
cerebral autoregulation in some studies in preterm born humans 162;172. However, Tsuji et 
al. 222 showed evidence of impaired autoregulation only in a subgroup of preterm babies 
that are at risk of developing germinal matrix-intraventricular hemorrhage and 
periventricular leukomalacia, whereas Tuszczuk et al. 226 observed that CBF, as measured 
with near-infrared spectroscopy, was maintained across a wide range of MABP (23.7-39.3 
mm Hg) in preterm infants of less than 34 weeks of gestation. Kissack et al. 101 
demonstrated no relationship between the fractional oxygen extraction and MABP in 
preterm infants <32 weeks of gestation.  
 Disturbances of blood pressure may be important in the pathogenesis of 
intracranial lesions in preterm infants. Periventricular-intraventricular hemorrhage and 
leukomalacia have been attributed to excessive and insufficient CBF, respectively 128, and 
there is an association between blood pressure disturbances and periventricular-
intraventricular hemorrhage 204. Miall-Allen et al. 145 showed in preterm infants (<31 
weeks of gestation) that a MABP of <30 mm Hg for over an hour was significantly 
associated with severe hemorrhage, ischemic cerebral lesions or death within 48 hours. 
Non-severe lesions developed with a MABP ≥30 mm Hg. This is in accordance with our 
hypotension studies; we found that ECBA could not be maintained when MABP 
decreased below approximately 30 mm Hg in the 141 d lambs.  
 Also during hypotension, it was not possible to induce very low values of 
cerebral O2-supply without any hypoxemia. With decreasing blood pressure it became 
increasingly more difficult to ventilate the lambs and to maintain optimal blood gas 
values. This resulted eventually in reduced levels of CaO2.  
 
Comparison 
Although hypoxemia and hypotension often manifest together, they actually consist of 
two different physiological mechanisms. When we compared our hypoxemia and 
hypotension experiments, it appeared that brain cell function is likely to be more 
susceptible for deterioration when the decrease in cerebral O2-supply is the consequence 
of hypoxemia than when it is caused by hemorrhagic hypotension (chapter 11). This is 
probably related to the development of compensatory and autoregulatory capacities, as 
well as the capability to increase O2-extraction, in situations of compromised cerebral 
oxygenation. Furthermore, more extensive increases in purines, pyrimidines and EAA 
concentrations, probably due to more severe cellular energy failure, were found after 
hypoxemia than after hypotension (see chapters 4, 5, 8, 9 and 10).  
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We would like to emphasize that maintaining cerebral O2-supply in near-term 
neonates that suffered from hypoxemia is of utmost importance.  
 
 
Future perspectives 
 
The results from these animal studies are not readily applicable to the human preterm 
neonate. Since timely and adequate treatment of high-risk human preterm infants after 
hypoxemia or hypotension is the ultimate goal, there are a lot of challenges for future 
research. Some of these are summarized below. 
1. A disadvantage of the present experimental set up is that there was a confounding 
influence of time in all studies. Brain injury is a multiplicative effect of the severity of the 
hypoxic or hypotensive insult and its duration. This should be further elucidated.  
2. A more detailed analysis of the EEG is an option for future research. This is presently 
pursued and that will certainly provide additional information.  
3. In the present studies, reperfusion injury was not taken into account. There is however 
convincing evidence that this is a main contributor to hypoxic-ischemic brain injury in the 
preterm neonate 47;95;189;194;268. Therefore, the effect of this phenomenon on the threshold 
values of cerebral O2-supply should also be further investigated.  
4. Measuring ECBA routinely as part of the clinical care in the neonatal intensive care 
unit will be a useful tool to assess whether or not to treat a patient with hypoxemia and/or 
hypotension. Therefore, human threshold values of cerebral oxygenation for maintenance 
of brain cell function should be determined.  
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 Nederlandse samenvatting 
 
Dit proefschrift beschrijft de effecten van hypoxemie (te weinig zuurstof in het bloed) en 
hypotensie (te lage bloeddruk) op de stofwisseling en de functie van de hersencellen van 
te vroeg geboren lammeren. Als maat voor hersenfunctie is de electrocorticale 
hersenactiviteit (ECBA) gebruikt.  
Hoofdstuk 2 beschrijft de drempelwaarde van zuurstofaanbod aan de hersenen 
voor handhaving van ECBA tijdens hypoxemie. Deze drempelwaarde is 1,7 ml/min bij te 
vroeg geboren lammeren na een zwangerschapsduur van 141, 134 en 127 dagen (term: 
147 dagen). De fysiologische reactie die normaliter tijdens hypoxemie zorgt voor een 
compensatoire stijging van de bloedstroom naar de hersenen is niet in gelijke mate 
ontwikkeld na deze zwangerschapsduren. Dit houdt in dat de hersenen van meer preterme 
pasgeborenen kwetsbaarder zijn tijdens hypoxemische perioden doordat zij minder goed 
in staat zijn door middel van compensatie het zuurstofaanbod aan de hersenen boven de 
drempelwaarde te houden.  
In hoofdstuk 3 hebben we met behulp van een niet-invasieve techniek, near-
infrared spectroscopy, de drempelwaarden bepaald voor handhaving van ECBA tijdens 
hypoxemie bij te vroeg geboren lammeren. ECBA bleek te dalen wanneer de concentratie 
van het oxyhemoglobine in de hersenen ongeveer 3 µmol/100 g daalde, en de concentratie 
van het gedeoxygeneerde hemoglobine ongeveer 4 µmol/100 g steeg ten opzichte van een 
normale uitgangssituatie. 
In de hoofstukken 4 en 5 hebben we laten zien dat de hersenfunctie gerelateerd is 
aan de concentraties van purines en pyrimidines en aan de concentratie van de excitatoire 
neurotransmitters (met name glutamaat) in de liquor cerebrospinalis van te vroeg geboren 
lammeren tijdens hypoxemie. Purines en pyrimidines zijn afbraakproducten van 
energierijke fosfaatverbindingen zoals ATP en geven het energietekort van de cel weer. 
Excitatoire neurotransmitters spelen een rol bij de signaaloverdracht tussen de 
zenuwcellen in het centrale zenuwstelsel. Van glutamaat is bekend dat het betrokken is bij 
het ontstaan van hersencelschade. 
Hoofdstuk 6 beschrijft de drempelwaarden van zuurstofaanbod aan de hersenen 
voor de handhaving van ECBA tijdens hypotensie. Deze drempelwaarde is 1,1 ml/min bij 
te vroeg geboren lammeren na een zwangerschapsduur van 141 en 127 dagen. In de 127 
dagen lammeren werd deze drempelwaarde bereikt bij een hogere bloeddruk dan bij de 
141 dagen lammeren. Dit suggereert dat de meer preterme pasgeborene meer risico loopt 
of een verminderde hersenfunctie ten gevolge van hypotensie. 
In hoofdstuk 7 hebben we laten zien dat near-infrared spectroscopy als een niet-
invasieve techniek gebruikt kan worden om veranderingen van het zuurstofaanbod aan de 
hersenen te bepalen tijdens hypotensie bij te vroeg geboren lammeren. 
In hoofdstuk 8 worden de negatieve relaties tussen de hersenfunctie en de 
concentraties van de purines en pyrimidines inosine, hypoxanthine en uridine in de liquor 
cerebrospinalis van te vroeg geboren lammeren tijdens hypotensie gepresenteerd.  
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In hoofdstuk 9 wordt, met behulp van een microdialyse techniek, ook een 
negatieve relatie aangetoond tussen de hersenfunctie en de concentraties van glutamaat en 
aspartaat tijdens hypotensie in te vroeg geboren lammeren. 
In hoofdstuk 10 is er gekeken naar beschadiging van de zenuwcellen in de 
hersenschors met behulp van histologie van coupes van het hersenweefsel van te vroeg 
geboren lammeren na hypotensie. De hoeveelheid schade aan de zenuwcellen in de 
hersenschors werd bepaald met een microtubule-associated protein 2 (MAP2) kleuring 
van de coupes en bleek gerelateerd te zijn aan de ECBA. Ook is aannemelijk gemaakt dat 
het ontstaan van de schade te maken heeft met de concentraties van glutamaat in de liquor 
cerebropinalis, de concentraties van nitriet en nitraat in bloed plasma en de concentraties 
van cyclic guanosine 3’,5’-monophosphate (cGMP) in hersenweefsel.  
In hoofstuk 11 zijn de drempelwaarden van het minimale zuurstofaanbod voor 
handhaving van de hersenfunctie van te vroeg geboren lammeren tijdens hypoxemie en 
tijdens hypotensie met elkaar vergeleken. Het blijkt dat de hersenfunctie van te vroeg 
geboren lammeren een te klein zuurstofaanbod beter kan weerstaan wanneer het tekort aan 
zuurstof het gevolg is van hypotensie dan wanneer het is ontstaan door hypoxemie. Het 
verschil tussen de drempelwaarden was niet statistisch significant bij de 127 dagen 
lammeren, maar wel bij de 141 dagen lammeren. Onze hypothese is dat het bij de 127 
dagen lammeren niet uitmaakt hoe het tekort aan zuurstof in de hersenen ontstaat omdat 
deze lammeren geen (of zeer weinig) mogelijkheden hebben om het te kleine 
zuurstofaanbod te compenseren, de bloedstroom te reguleren of de zuurstofextractie uit 
het bloed te verhogen. Zij ondergaan passief het tekort. Het feit dat deze mechanismen 
wel ontwikkeld waren bij de 141 dagen lammeren zou kunnen verklaren waarom het 
verschil in deze lammeren wel significant is. 
Conclusie. In dit proefschrift is aangetoond dat ECBA als maat voor 
hersenfunctie gebruikt kan worden en hebben we drempelwaarden gevonden voor het 
minimale zuurstofaanbod voor handhaving van de hersenfunctie tijdens hypoxemie en 
hypotensie bij te vroeg geboren lammeren. Bij een vergelijking tussen hypoxemie en 
hypotensie is gebeleken dat de hersenen van te vroeg geboren kinderen waarschijnlijk 
kwetsbaarder zijn wanneer het zuurstofaanbod daalt ten gevolge van hypoxemie dan 
wanneer het daalt ten gevolge van hypotensie. Daarom is het heel belangrijk om zowel 
tijdens hypotensie als ook tijdens hypoxemie het zuurstofaanbod aan de hersenen bij te 
vroeg geboren kinderen te garanderen.  
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